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Centre de Génétique Moléculaire et Cellulaire
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16, Rue Dubois

69622 Villeurbanne

RESUME : La protéine de stress Hsp27/HspB1, une cible de choix en
thérapie anti-cancéreuse

Hsp27 appartient a la famille des protéines dites de survie comme Bcl2 ou la survivine.
C’est une protéine anti-apoptotique qui subit une dérégulation de son expression dans de
nombreux types tumoraux. Elle est caractérisée comme étant une cible thérapeutique majeure. Au
cours de ma theése, j’ai isolé des peptides stabilisés, dit aptameres, capables d’inhiber
fonctionnellement les activités anti-apoptotiques et tumorigénes d’Hsp27. Ces aptameres
perturbent la biochimie structurale de Hsp27 et induisent le blocage du cycle cellulaire in vivo.
Parall¢lement a cette étude, j’ai caractérisé les effets de la déplétion de Hsp27 sur la formation de
métastases et de tumeurs osseuses. J’ai aussi montré que la modification du taux de Hsp27
induisait la dégradation de différentes protéines, dites clientes, comme la caspase3, HDAC6 et

STAT?2.

ABSTRACT: The stress protein HSP27/HspB1, a well therapeutic target

in cancer therapies

Hsp27 belongs to the class of survival proteins like Bel2 or survivin. This protein was well
categorized as a major anti apoptotic protein as displaying a high level of expression in lot of
tumor types. Moreover, Hsp27 is referenced as a major therapeutic target in cancer. During my
PhD, I characterized stable peptides called aptamers, which functionally blocked Hsp27
antiapoptotic and tumorigenic properties. These aptamers disrupted biochemical and structural
states of Hsp27 and promoted cell cycle arrest in xenografts. In the same time, I have
characterized the effect of Hsp27 depletion in metastasis establishment and bone marrow tumor
growth. I have shown that targeting level of Hsp27 induced degradation of several of its client

proteins like caspase3, HDAC6 and STAT?2.

19



20



INTRODUCTION BIBLIOGRAPHIQUE
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INTRODUCTION GENERALLE :

La cancérisation apparait comme un processus multifactoriel et pluri-étapes. Depuis la
premicre altération de la cellule, jusqu’a I’invasion de 1’organisme, une multitude de protagonistes
de la cancérisation vont se distinguer. La caractérisation de ces protagonistes peut permettre
d’augmenter les connaissances fondamentales, mais aussi de cibler plus spécifiquement des
facteurs récurrents de la cancérisation et ainsi élargir le champ des perspectives thérapeutiques.

L’agressivité tumorale est caractérisée par une résistance aux différents traitements
anticancéreux connus, et apparait comme un élément important de la prolifération cancéreuse. En
levant cette résistance, il semble possible de perturber le développement cancéreux voire de

I’inhiber.

Les protéines de choc thermique (Heat shock proteins) jouent dans leur grande majorité un
role cytoprotecteur (Lindquist et Craig, 1986). Dans des conditions physiologiques normales, les
Hsp protegent les cellules contre différents types de stress et permettent de ce fait, a I’organisme,
de survivre dans des conditions défavorables. Dans le cas d’une cellule cancéreuse, la présence
des Hsp, en protégeant la cellule, favoriserait I’échappement tumoral en permettant sa survie
malgré les différents traitements utilisés en cancérologie (Ciocca et Calderwood, 2005). Cette
hypothese expliquerait pourquoi les Hsp s’accumulent souvent au cours des différents stades de
tumorigenese, et pourquoi leur expression devient constitutive dans de nombreux carcinomes. Les
Hsp participeraient a 1’agressivité tumorale et leur inhibition pourrait donc étre bénéfique pour de
futurs traitements. Il semble ainsi acquis que les Hsp sont des cibles thérapeutiques majeures en
cancérologie. On peut cependant se demander si la forte expression des Hsp est une cause ou une

conséquence de la cancérisation.

Au cours de ma these, j’ai analysé et de caractérisé les effets du ciblage de la petite
protéine de stress Hsp27/HspB1 par différentes techniques conduisant soit & son inhibition
fonctionnelle soit a I’inhibition de sa synthese. J’ai ainsi montré que le ciblage d’Hsp27 permettait
de sensibiliser des cellules cancéreuses a différents traitements chimio et radio-thérapeutiques a la
fois sur des lignées tumorales conservées en laboratoire mais aussi sur des xénogreffes réalisées
chez la souris. Par ailleurs, j’ai montré que la déplétion de Hsp27 entrainait la dégradation de
plusieurs de ses protéines interactrices dites clientes qui jouent des rdles pivots dans la

prolifération et I’apoptose des cellules cancéreuses.
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A-PRESENTATION DES PROTEINES DE CHOC THERMIQUE :

A-1. Les protéines de stress, des protéines ubiquistes et universelles

Les protéines de choc thermique ont été décrites comme une classe de protéines subissant une
modification de leur niveau d’expression en réponse a différents changements néfastes de
I’environnement générant un stress cellulaire : choc thermique, carences nutritives, infections
virales, agents chimiques divers (Lindquist et Craig, 1988). Cette réponse est qualifiée
d’universelle car elle est présente chez les bactéries, les végétaux et les eucaryotes supérieurs. Les
protéines de stress sont classées en deux groupes distincts suivant leur poids moléculaire: les
petites Hsp ou sHsp et les grandes de poids moléculaire supérieur a 40kDa (Table 1).

Elles sont dans tout les cas des protéines ubiquistes majoritairement impliquées dans la

régulation de ’homéostasie cellulaire, la conformation et la dégradation protéique.

A-1.1. Les Hsp de haut poids moléculaire

Le groupe des Hsp de haut poids moléculaire contient 5 familles classées en fonction de
leur poids moléculaire, de leur localisation sub-cellulaire ainsi que de leur homologie de séquence

protéique (Table 1).

A-1.1.1. Hsp110

Chez les mammifeéres, deux Hsp composent cette famille: Hsp105 et Hsp110. Ils possédent
des caractéristiques structurales trés proches de celle des membres de la famille Hsp70, avec un
domaine capable de lier et d’hydrolyser I’ATP.

Chez la souris I’expression des Hspl10 est trés importante dans le cerveau mais est
constitutive dans tous les tissus de I’organisme (Lee-Yoon, 1995). Son expression est fortement
inductible lors d’un stress thermique et elle est par exemple transloquée dans le nucléole ou elle va
participer a la protection de 1’assemblage des ribosomes lors d’un stress thermique. Elle est ainsi
fortement impliquée dans la résistance a 1’hyperthermie et agit comme chaperon moléculaire en

agissant de concert avec d’autres Hsp (Oh et al., 1997).
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Membres Poids
moléculaire

sHsp HspB1 (Hsp27) De 12 443 kDa

HspB2

HspB3

HspB4 (aA-cristalline)

HspBS5 (aB-cristalline)

HspB6 (Hsp20)

HspB7 (cvHsp)

HspB8 (Hsp22)

HspB9Y

HspB10 (ODF)

Hsp47 Hsp47 47 kDa
Chaperonine Hsp60 60 kDa
Hsp70 Hsc70 (Hsp73) De 66 a2 78 kDa
Hsc70-t (Hsp70-hom)

Hsp70.1
Hsp70.2

Hsp70.3
mtHsp70 (Grp75; mortalin)
Bip (Grp78)

Hsp90 Hsp90a (Hsp86) De 83 2 90 kDa
Hsp90p (Hsp84)
Grp%4
TRAPI1

Hspl110 Hspl105 De 100 a 110 kDa
Hspll0

Table 1: Les familles de protéines de choc thermique humaines

A-1.1.2 Hsp90

Les Hsp les plus étudiées chez ’homme sont les deux isoformes Hsp90a et . Ce sont les
Hsp constitutives les plus abondantes dans les cellules de mammiféres qui peuvent représenter
jusqu’a 2% des protéines solubles (Welch et Feramisco, 1982).
Ces deux isoformes posseédent trois domaines distincts : la partie N-terminal correspondant au
domaine de liaison a I’ATP, le domaine central formant la zone de liaison aux polypeptides cibles,
enfin le domaine C-terminal est nécessaire pour la dimérisation de la protéine. Cette dimérisation
est par exemple nécessaire pour la translocation dans le noyau aprés un choc thermique

(Prodromou et al., 2000).
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Hsp90 posseéde la capacité de se lier de maniere stable avec des protéines essentielles dans
les voies de transduction des signaux, des facteurs de transcription et des protéines du cycle
cellulaire. Elle a la faculté de protéger de nombreuses protéines contre une dégradation par le
protéasome et a permis de faire émerger le concept de protéines clientes. En effet, en s’associant
avec une cible elle permet sa stabilisation et sa non dégradation ce qui augmente ainsi sa demi-vie

(Whitesell et Lindquist, 2005 ; Da Rocha Dias ef al., 2005).

A-1.1.3. Hsp70

La famille Hsp70 est composée de 8 membres possédant une tres grande homologie
structurale. Tous les membres de la famille présentent deux domaines fonctionnels conservés:
I’extrémité C-terminal responsable de la liaison aux polypeptides cibles et la partie N-terminal,
responsable de 1’activité ATPasique (Hunt et Morimoto, 1985). Chaque membre de la famille
possede une localisation sub-cellulaire qui lui est propre ainsi que des fonctions spécifiques. Des
formes constitutives comme Hsc70 sont ubiquitaires et ne subissent pas d’élévation de leur
expression en réponse au stress. Elles participent au repliement constitutif des polypeptides
naissants et a leur adressage vers les différents compartiments cellulaires. Elles interviennent lors
du contrdle qualité des protéines en dirigeant les polypeptides altérés ou mal repliés vers une
dégradation (Wickner ef al., 1999).

Les isoformes inductibles en cas de stress sont Hsp70.1 et Hsp70.3. Lors d’un choc
thermique, ces protéines migrent dans le noyau et participent notamment a la maintenance de
I’assemblage des ribosomes. Dans le cytoplasme, elles se lient aux polypeptides dénaturés afin
d’éviter leurs agrégations et ainsi protéger les cellules de dommages irrémédiables (Lindquist et

Craig, 1988).

Certains membres ont un réle dans le développement des spermatozoides comme Hsp70.2
qui semble jouer un role essentiel dans la progression en méiose des cellules germinales males
(Dix et al., 1997). Les protéines Grp75 et Grp78 sont présentes respectivement dans les
mitochondries et la lumicre du réticulum endoplasmique ou elles participeraient a la translocation
et au repliement des polypeptides transloquées dans les différentes organites, de maniére

ATPasique (Kudo et al., 2008 ; Dollins et al., 2007).
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A-1.1.4. Hsp60/Chaperonine

Hsp60 est synthétisée dans le cytosol puis subit une translocation dans la mitochondrie.
Elle posseéde une structure tridimensionnelle tres spécifique formée de deux bagues heptamériques
formant un cylindre creux. Son rdle est de catalyser 1’association de complexes oligomériques en
facilitant le repliement des monomeres. Elle est essentielle pour I’assemblage des protéines

importées dans la mitochondrie (Ostermann et al., 1989).

A-1.1.5. Hspd7

Hsp47 est trouvée en grande quantité dans le réticulum endoplasmique et son expression
est concomitante de la synthese de tous les types de collageénes. En effet, elle serait essentielle lors
de la maturation des pro-collagenes en collageéne actif. Chez la souris invalidée pour ce geéne, les
collagenes de type I ne présentent pas de structure quaternaire en triple hélice. Les collagenes de
type IV sont également touchés. L’invalidation de ce géne conduit a une mortalité a un stade de 11
jours de développement embryonnaire chez la souris (Makareeva et Leikin, 2007 ; Nagai et al.,

2000).

A-1.2. Les petites protéines de stress

Les petites Hsp ou sHsp (small Hsp) forment le deuxiéme groupe de protéines de stress
humaines et regroupent les protéines de faible poids moléculaires (Table 1). Elles sont moins
conservées au cours de I’évolution mais présentent un domaine fonctionnel commun nommé o.-
cristallin (De Jong et al., 1993). Ce sont des protéines ubiquitaires ATP indépendantes, au nombre
de 10 chez les mammiferes (Taylor et Benjamin, 2005). Elles présentent des profils d’expression

trés différents dans tout 1’organisme (Table 2).
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HspB1 Hsp27 Ubiquitaire
HspB2 MKPB Musculaire
HspB3 Musculaire
HspB4 aA-cristalline Oculaire

HspB5 aB-cristalline Ubiquitaire
HspB6 Hsp20 Ubiquitaire
HspB7 cvHsp Musculaire
HspB8 Hsp22 Ubiquitaire
HspB9 Testiculaire
HspB10 ODFP Testiculaire

Table 2 : Distribution tissulaire des petites protéines de stress

A-1.2.1. HspB1/Hsp27

Hsp27/HspB1 est la petite protéine de stress la plus étudiée. Elle est codée par un géne
présent sur le chromosome 7 et est exprimée dans tout I’organisme. Ce n’est pas un chaperon
moléculaire au sens strict du terme puisqu’elle est incapable de reconformer sous forme native des
protéines dénaturées. Elle aurait un role de réservoir de conformation lorsque le systeme de
reconformation arrive a saturation. Elle possede la faculté de former des structures quaternaires de
haut poids moléculaire en s’oligomérisant (Arrigo et al., 2009). Comme pour toutes les petites
Hsp, sa structure tridimensionnelle est responsable de sa fonction moléculaire. Elle est formée de
205 acides aminés et possede dans son extrémité N-terminal un domaine nommé WDPF essentiel

a son oligomérisation (Bova ef al., 2000).

27



Serl5 Ser78 Ser82

P PP
‘ * Cysl37
mN — == CooH
1 205
88 168
WDPF Domaine a-cristallin

Figure 1 : Structure générale de la protéine HspBI1/Hsp27 (D aprés Bova, 2000 ; Diaz Latoud,
2005 ; Landry, 1992)

Hsp27 peut étre phosphorylée sur trois résidus sérines en position 15, 78 et 82 (Figure 1). La voie
principale de phosphorylation de Hsp27 est la voie de la p38MAPK associée a la kinase
MAPKAK2 ou MK2 (Landry ef al., 1992). Dans certaines conditions, il a ét¢ montré que
I’isoforme 6 de la PKC pouvait étre une autre voie de phosphorylation pour Hsp27 (Maizels et al.,
1998).

Cette phosphorylation est essentielle pour les modulations de la structure oligomérique de la
protéine. Ainsi, il apparait que la phosphorylation de Hsp27 lors d’un stress comme le choc
thermique permettrait la dissociation rapide des formes de haut poids moléculaire (Arrigo et al.,
2009). Par ailleurs, le résidu formé par 'unique cystéine en position C137 permettrait la
dimérisation de la protéine, pierre angulaire d’une oligomérisation fonctionnelle (Diaz-Latoud et

al., 2005).

Récemment il a été¢ montré que des mutations dans le gene AspBI pouvaient induire des
neuropathies chez ’homme (Table 3). Ainsi, la neuropathie héréditaire distale des neurones
moteurs de type 2B et la maladie de Charcot-Marie-Tooth type 2F seraient liées a des mutations
majoritairement dans le domaine a-cristallin d’Hsp27 (Evgrafov et al., 2004 ; Kijima et al., 2005).
Ces deux types de maladie provoquent une dégénération prématurée des axones. Ces invalidations
fonctionnelles renforcent I’idée que Hsp27 posséde une fonction biochimique trés corrélée a sa

structure moléculaire.

A-1.2.2. HspB4/aA-cristallin

HspB4 est la composante essentielle du cristallin des mammiferes et n’est trouvée que dans
les yeux. HspB4 posséde des propriétés tres particulieres vis-a-vis de la lumiere, lides a sa
structure quaternaire encore mal comprise. Elle est phosphorylée sur un résidu sérine en position
S122. Sa phosphorylation est dépendante de I’AMPc via la PKA, mais il a ét¢ montré que I’aA-

cristallin, tout comme 1’aB-cristallin, pouvait étre une autokinase (Kantorow et Piatigorsky, 1998).
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Elle est considérée comme un chaperon moléculaire et protégerait les filaments d’actine des
agressions liées aux UVA et B. Comme pour Hsp27 il existe des mutations responsables de
maladies génétiques chez I’homme (Table 3). Ces mutations dominantes sont responsables de

différents types de cataractes (Graw, 2009).

A-1.2.3. HspB5/ aB-cristalline

HspB5 est avec HspB1 le second membre le plus étudié de la famille des sHsp. Elle est le
plus souvent retrouvée associée aux microfilaments et aux filaments intermédiaires. Elle
protegerait ces différents réseaux contre une pléiade de stress de type oxydatifs, thermiques, UV...
On la retrouve associ¢e aux lamellipodes des cellules en cours de migration, mais elle intervient
aussi dans de nombreux mécanismes impliquant le réarrangement du cytosquelette d’actine. Son
interaction avec ’actine est régulée par sa phosphorylation sur le résidu S59 (Singh ef al., 2007).
Elle a aussi une affinité trés particuliere pour les microfilaments tels que la GFAP, la desmine, la
vimentine et la périphérine. HspBS5 préviendrait leur agrégation dans des conditions normales et
pathologiques (Hagemann ef al., 2009 ; Song et al., 2008).

Des mutations de HspBS provoquant des altérations majeures du cytosquelette ont été
caractérisées ce qui provoque des syndromes allant de la myopathie myofibrillaire, a la
cardiomyopathie et la cataracte (Table 3). La premiere mutation découverte pour cette protéine
nommée R120G, combine la somme de ces trois maladies chez ’homme. Elle a pour origine une
accumulation de desmine dans les cellules musculaires qui vont dégénérer (Vicart ef al., 1998).
Dans le cceur, ’accumulation du mutant R120G engendrerait un stress dit « réducteur » qui
provoquerait une hypertrophie cardiaque (Rajasekaran et al., 2007). Toutefois, il semble que le
niveau d’expression du mutant soit responsable des effets moléculaires observés et il apparait que

HspB5 module aussi négativement le stress oxydatif (Shin ef al., 2009).
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Géne muté Transmission Phénotype

HspB1/Hsp27 Dominante Neuropathie héréditaire distale des neurcnes moteurs
detype 2B
Dominante Charcot-Marie-Tooth type 2F
HspB4/aA-cristalline Récessive Cataracte congénitale
Dominante Cataracte nucléaire
Dominante Cataracte précoce périphérique
Dominante Cataracte zonulaire centrale avec des opacité
nucléaires
Dominante Cataracte nucléaire avee iris colombama et
microphtalmie
HspB5/ aB-cristalline Dominante Myopathie myofibrillaire
Dominante Cardiomyopathie
Dominante Cataracte
HspB6/Hsp20 Dominante Cardiomyopathie
HspB8/Hsp22 Dominante Neuropathie héréditaire distale des neurones moteurs
type 2A
Dominante Charcot-Marie-Tooth type 2.

Table 3 : Les maladies génétiques ayant pour origine une mutation dans les genes codant les
sHsp (d’apres : Graw, 2009 ; Evgrafov et al., 2004 ; Kijima et al., 2005 ; Ferrer et Olivié, 2008 ;
Hu et al., 2007 ; Nicolaou et al., 2008).

A-1.2.4. HspB8/Hsp22

Le réle exact de Hsp22 n’est pas encore totalement ¢lucidé mais il a été mis en évidence
qu’elle est capable de supprimer des structures de type amyloide et de contrdler la syntheése des
protéines en modulant la phosphorylation de elF2-alpha (Carra et al., 2005 ; Carra et al., 2009).
Elle possede aussi une fonction dans la macro-autophagie. En effet, son activité chaperon
permettrait la reconnaissance des protéines altérées. Cette interaction chaperon/substrat
favoriserait le recrutement de la protéine adaptatrice Bag-3 qui permettrait de déclencher la
machinerie autophagique (Carra et al., 2008).

Des mutations altérant sa séquence génétique ont été identifiées avant méme de connaitre
son réle biologique exact (Table 3). En effet, des mutations ponctuelles dans le geéne hsp22
seraient a 1’origine de neuropathies héréditaires distales des neurones moteurs de type 2A et

maladies de Charcot-Marie-Tooth type 2L (Hu et al., 2007).
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A-1.2.5. Les autres membres des sHsp

A I’exception de HspB6/Hsp20, les autres membres de la famille des sHsp ont été tres peu
étudiés. Hsp20 protegerait les cellules du muscle cardiaque en condition de stress oxydatif lors
d’une ischémie. Ainsi, elle stabiliserait la phosphorylation de Akt ce qui permettrait la survie des
cardiomyocites (Fan et al., 2008). Des mutations de Hsp20 ont été mises en évidence dans des
cardiomyopathies (Table 3) (Nicolaou et al., 2008). De méme, un polymorphisme dans le géne
cvHsp (HspB7) serait a 1’origine d’une recrudescence du nombre d’attaques cardiaques chez
I’homme (Matkovich et al., 2010).

HspB2 et B3 sont des protéines uniquement musculaires participant au mécanisme de
différenciation des myoblastes. Elles interagiraient directement avec HspBl et BS5S pour
restructurer le cytosquelette d’actine. (Sugiyama ef al., 2000). HspB9 et B10 ne sont présentes que
dans les testicules mais aucune étude n’a pour I’instant été réalisée pour la caractérisation

fonctionnelle de ces protéines.

A-2. L’induction de la réponse au stress :

La réponse au choc thermique a été¢ découverte en 1962 par Ritossa, qui a caractérisé¢ une
transcription anormale de certains loci sur les chromosomes polyténes de glandes salivaires de
drosophiles.

L’induction de I’expression des génes codant les protéines de stress s’effectue suite a la
trimérisation de facteurs de transcription spécifiques nommés HSF (Heat Shock Factor). Chez
I’homme ces HSF sont au nombre de quatre et posseédent des profils d’expression différents. Les
HSF sont constitutivement li€s a certaines Hsp ubiquistes. Lors d’un stress, la liaison entre les Hsp
et les HSF est déstabilisée. En effet, I’affinité entre les résidus hydrophobes des protéines
dénaturées et les Hsp est plus importante que celle entre les Hsp et les HSF, ce qui entraine la
libération des HSF dans le cytosol (Tang et al, 2005). Leur trimérisation puis leur
phosphorylation permet leur migration dans le noyau et leur liaison aux séquences consensus
nommées HSE (Heat Shock Element) localisées sur tous les promoteurs des geénes de choc

thermique (Figure 2).
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Figure 2 : La présence d’agrégats protéiques est reconnue par Hsc70 et Hsp90, des chaperons
résidents de la cellule non stressée. La liaison formée entre les protéines de stress et les protéines
dénaturées est plus stable que celle avec le facteur de transcription HSF. Celui-ci est donc
reldché, phosphorylé puis trimérisé. 1l migre ensuite dans le noyau ou il interagit avec les motifs
HSE, localisés dans les promoteurs des genes codants les Hsp. La grande quantité des HSP
produites permet de reconformer les protéines altérées et d’interagir négativement avec HSF, en
le maintenant a nouveau inactif dans le cytoplasme, ce qui explique la réversibilité du phénoméne.

Dans des conditions physiologiques normales, les génes codants les HSF sont exprimés
constitutivement. En outre, leur taux d’expression ne varie que trés peu lors d’une stimulation par
un choc thermique. Il existe cependant, des facteurs de transcription différents en fonction du type
de réponse : ainsi HSF-2 induirait la syntheése des Hsp exprimées constitutivement, alors qu’HSF-
1 serait I’initiateur de la réponse aux différents stress.

Les roles de HSF-3 et 4 ne sont pas clairement encore élucidés. L’inactivation d’HSF-3 réduit

drastiquement la survie cellulaire aprés choc thermique (Tanabe ef al., 1998). HSF-4 est lui aussi



impliqué dans la réponse au stress. Il a surtout été caractérisé dans 1’ceil ou des mutations de son

domaine de liaison a I’ADN sont a I’origine de cataractes congénitales (Bu et al., 2002).

Il a été montré qu’un ARN non codant constitutivement exprimé chez ’homme nommé
HSR1 (Heat shock RNA-1) interagissait directement avec HSF-1 et un facteur d’élongation de la
transcription eEF1A. Ce complexe ribonucléique est responsable de 1’activation de HSF-1. Une
inhibition de HSR1 par siRNA rend impossible la réponse au choc thermique ce qui thermo-
sensibilise les cellules (Shamovsky et al., 2007). Par ailleurs, il a ét¢ mis en évidence que
I’acétylation de HSF-1 est responsable de son activité et que la déacétylase de classe III SIRT-1

qui €tait a ’origine de cette modification d’activité (Westerheide et al., 2009).

Les protéines de stress les plus fortement produites en réponse au choc thermique sont
Hsp27 et Hsp70, cependant leurs cinétiques d’activation sont différentes, Hsp70 étant exprimée
beaucoup plus rapidement que Hsp27 (Ananthan et al., 1986). Il a été montré récemment que la
transcription de Hsp70 était favorisée par une perte rapide des nucléosomes en condition de stress

ce qui facilite I’accessibilité¢ de I’ADN pour I’ARN polymerase II (Petesch et Lis, 2008).

33



Hsp, chaperons
moléculaires

STRESS J—

——— i ) —
)

~ ( ,& Résidus
hydrophobes a
la surface
protéique

Protéine native Globule fondu Agrégat protéique

Figure 3: En condition de stress, la structure tridimensionnelle des protéines peut étre
déstabilisée ce qui induit [’exposition de résidus hydrophobes a la surface du polypeptide. Cette
présentation donne lieu a la formation d’un intermédiaire de conformation nommé globule fondu
(molten globule).

Les Hsp, par leur fonction chaperon, reconnaissent et reconforment les régions hydrophobes des
polypeptides altérés et inhibent la formation d’agrégats protéiques létaux pour la cellule.

A-3. Les gardiennes de l’intégrité cellulaire:

A-3.1. Rdle de chaperons moléculaires

En conditions physiologiques normales, un réle des Hsp constitutives (de type Hsc70) est
de se lier aux polypeptides néo-synthétisés et de catalyser leur maturation conformationnelle. De
nombreux chaperons non inductibles et cofacteurs dits résidents, sont nécessaires a la synthése des
polypeptides et participent au contréle qualité des protéines mais n’appartiennent pas a la famille
des protéines de choc thermique. Les Hsp endogénes interviennent aussi lors des translocations
protéiques dans les différents compartiments cellulaires. Ainsi, le dimere Hsp40/Hsp60 va
conformer les protéines pénétrant dans la mitochondrie par les pores matriciels (Ostermann et al.,

1989).

En conditions de stress, il est €tabli que I’élévation du niveau d’expression des protéines de
choc thermique a pour origine la déstabilisation des structures protéiques, matérialisée par la
présence de globules fondus (molten globules ; figure 3). Ces protéines endommagées possedent
des résidus hydrophobes exposés a leur surface. Elles peuvent s’accumuler et former des agrégats
insolubles 1étaux pour la cellule. La présence de globules fondus entraine la synthése de nombreux

chaperons moléculaires qui ont pour réle soit de reconformer ces protéines, soit lorsque la
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Figure 4: Au cours d’un stress, les agrégats protéiques formés présentent a leur surface des zones
hydrophobes. Celles-ci sont reconnues par Hsp40 qui, via son domaine J, forme un complexe avec
la protéine Hsp70. Celle-ci, sous sa forme liant I’ADP, englobe la protéine substrat dans son
domaine de liaison peptidique. La renaturation de la protéine substrat par Hsp70 nécessite des
co-chaperons tels que Hip, Hop et Hsp90.

Dans certaines conditions les atteintes conformationnelles des protéines sont trop importantes et
la cellule, via la protéine CHIP, peut diriger ces protéines vers la voie de dégradation par le
protéasome 26S.

Dans des conditions ou le systeme est saturé par un afflux massif de protéines a reconformer, un
stockage transitoire est effectué par des structures oligomériques formées par les Hsp de faible
poids moléculaire de type Hsp27 et a cristallines.

reconformation est impossible, de les envoyer vers une dégradation par le protéasome 26S via
I’ubiquitination (Arrigo, 2005).

Les Hsp jouent donc des roles prépondérants dans la reconformation des protéines altérées
dans ces conditions de stress et préviennent 1’apparition d’agrégats protéiques. La détection des
globules fondus est réalisée par Hsp40 qui se lie a certains résidus hydrophobes exposés a la
surface des protéines endommagées. Hsp40 est le cofacteur adaptateur qui permet le recrutement
des véritables protéines chaperons comme Hsp70. Celle-ci prévient 1’agrégation des protéines
altérées et permet, via I’hydrolyse d’ATP, de reconformer les protéines dans une structure
tridimensionnelle adéquate. Enfin, les sHsp forment des oligomeres qui jouent un role de stockage

et empéchent la saturation du systéme des chaperons (figure 4).
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Hsp90 forme des complexes stables avec des protéines intervenant principalement dans la
transduction des signaux cellulaires ou dans la régulation du cycle cellulaire. On lui dénombre de
trés nombreux interacteurs qui peuvent se regrouper en trois principales classes : des protéines
kinases, des facteurs de transcription ainsi que des protéines de structure cellulaire. Son activité
chaperon et de séquestration permet aussi d’augmenter la demie vie de certaines de ces protéines
mutantes. Hsp90 a donc aussi pour role de « masquer » un grand nombre de mutations induisant
une déstabilisation des structures protéiques ce qui peut étre 1étal pour la cellule. Ce phénomene a
aussi des implications sur I’évolution des organismes et des génomes. En effet, il favorise la
conservation de mutations pourtant délétéres d’une génération a une autre sans que cela affecte
directement 1’organisme. Hsp90 fournirait donc un second controle de 1’expression génique au

niveau protéique (Rutherford et Lindquist, 1998. Queitsch et al., 2002).

A-3.2. Bases moléculaires de la conformation protéique

Une grande énigme concentre actuellement beaucoup d’efforts de recherches. Elle consiste
a comprendre le déroulement du repliement correct des protéines ou « protein folding ». Les
structures protéiques sont d’une trés grande variété. Le repliement des polypeptides implique la
création de structures secondaires et de superstructures régulieres. La structure secondaire, formée
par les hélices alpha et les feuillets béta, constitue 1’élément de base des conformations protéiques.
Ces deux structures sont stabilisées par des liaisons hydrogene. La structure tertiaire correspond a
la création de liaisons covalentes sous la forme de ponts disulfures entre des résidus cystéine, ou la
formation de clusters métalliques. La formation de la structure quaternaire implique
I'assemblage de sous-unités déja repliées. Peu avant d'occuper leur conformation native
énergiquement favorable, les molécules peuvent passer par un état intermédiaire de globule fondu.
C’est souvent cet évenement qui est régit par les Hsp et par les autres chaperons (Bukau et al.,
20006).

Sans événement extérieur, le nombre de conformations d'une chaine polypeptidique de n
acides aminés, susceptibles d'adopter s structures secondaires, est s". Le nombre de conformations
protéiques, par exemple pour un polypeptide de n = 100 acides aminés et s = 13 structures
secondaires, est un temps théorique de 10*° secondes ou 3.10'7 siécles. Un processus du
repliement s'opérant selon une recherche au hasard de la structure de plus basse énergie la plus
stable est donc absolument impossible d’un point de vue cinétique et totalement incompatible avec

la vie. C'est le paradoxe de Levinthal (Levinthal, 1968).

36



Les chaperons moléculaires ont pour but d’abaisser les temps de structuration moléculaire
des protéines. Les chaperons sont en mesure d'isoler les protéines les unes des autres, ce qui fait
que leur repliement n'est pas interrompu par les interactions avec les autres protéines. Les études
de la cinétique du repliement ont montré l'existence de structures intermédiaires instables. Ces
intermédiaires ont une demi-vie trés courte et sont tres délicats a identifier. Un trés grand nombre
de co-chaperons intervient dans la structuration protéique. Ces co-chaperons reconnaissent chacun
un type de substrat donné et permettent de 1’isoler du reste de la cellule puis de le présenter aux
chaperons moléculaires capables de reconformer de maniere ATP lytique les protéines sous forme
native. Ainsi, les protéines de la famille Bag, composée de six membres, jouent un rdle essentiel
dans différents processus permettant de présenter des protéines cibles a la famille Hsp70

(Takayama et Reed, 2001).

Les protéines de la famille Hsp70 sont les plus étudiées pour leur activité chaperon, en
particulier I’homologue procaryote DnaK. Les mécanismes de moteurs moléculaires permettant la
reconformation protéique sont encore mal compris (Mayer et Bukau, 2005). Il a ét¢ montré que
I’activité ATPasique responsable de la modification protéique était dépendante des ions Mg2" et
K. La fixation de I’ADP se fait dans une poche hydrophobe de liaison a ’adénosine. C’est sous
cette forme liant 'ADP que Hsp70 englobe alors la protéine dénaturée dans son domaine
peptidique. Le remplacement de I’ADP par une molécule d’ATP va permettre la renaturation de
la protéine cible ainsi que sa libération concomitante a hydrolyse de L’ATP. Ce sont des co-
chaperons comme Bag-1 qui augmentent la déstabilisation de la forme ATP du complexe

Hsc70/Hsp70-substrat et permettent le relarguage de ce dernier (Takayama et Reed, 2001).

La renaturation de la protéine substrat par Hsp70 nécessite la participation d’autres co-
chaperons tels que Hip et Hop (figure 4). Hip est considérée comme antagoniste du relargage des
protéines par compétition avec Bag-1, et en stabilisant la forme Hsp70-ADP (Kanelakis et al.,
2000). Hop est une protéine essentielle pour le recrutement de Hsp90 sur le complexe
Hsc70/Hsp70-substrat (Scheufler et al., 2000). Hsp90 aurait des rdoles multiples dans tous les
mécanismes moléculaires conduisant a des destructurations moléculaires telles que ’export des
organelles (Wang er al., 2006). Certains polypeptides nécessitent une étape ultérieure de
repliement par la protéine eucaryote TCP-1 ring complex qui est associée avec les membranes de

I’appareil de Golgi (Willison et al., 1989). Hsp60 est 1’analogue mitochondrial de TCP-1.
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Enfin, certains polypeptides trop altérés sont envoyés vers une dégradation par le
protéasome 26S via la protéine CHIP (Carboxy terminus of Hsc70 Interacting Protein) et son

activité E3-ubiquitine ligase (Qian et al., 2006).

Les protéines de stress participent donc a de nombreux processus physiologiques de
maintien de [’homéostasie cellulaire. Elles interviennent de maniére pléiotrope dans de
nombreuses régulations dépendantes des conditions environnementales. Dans des situations
défavorables, lorsque I’intégrité cellulaire est menacée les Hsp tentent d’inhiber ces phénomenes
de stress cellulaire potentiellement 1étaux. Ainsi, les protéines de stress tentent de prévenir la mort
cellulaire et interviennent a différents niveaux des cascades effectrices conduisant a la mort d’une

cellule.
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B-LES HSP ET LE BLOCAGE DE LA MORT CELLULAIRE :

Les Hsp appartiennent a la grande famille des protéines de survie (comme Bcl2 ou la
survivine). L’une des fonctions majeures des Hsp est donc leur rdle cytoprotecteur. Il a été établi
que les Hsp inhibent un grand nombre de mécanismes conduisant a la mort cellulaire. Ainsi, les
Hsp exercent leur action, des récepteurs aux effecteurs, en modulant I’activité¢ de différents

composants la voie de transduction des signaux via les kinases et les facteurs de transcription.

B-1. L’inhibition de ’activité des récepteurs de mort :

B-1.1. L’apoptose

Le terme apoptose désigne une mort cellulaire programmée (Kerr ef al., 1972). L origine
génétique de 1’apoptose et les premiers composants moléculaires ont été découverts grace a des
travaux menés chez le nématode Caenorhabditis elegans, notamment par la mise en évidence de
protéases actives lors de I’apoptose : les caspases (Hengartner et Horvitz, 1994).

L apoptose est un processus fondamental tant au cours du développement que pour
I’homéostasie générale d’un organisme. L’apoptose induit de nombreux changements
morphologiques de la cellule comme la condensation nucléaire, le clivage de I’ADN et de
protéines nécessaires au maintien de 1’intégrité cellulaire ainsi que le remodelage de la membrane
plasmique avec la présence de corps apoptotiques (Figure 5). Deux voies de signalisation majeures
conduisent a 1’apoptose : la voie des récepteurs de mort dite extrinséque et la voie mitochondriale

ou intrinseéque.

Cellule normale

Apoptose Autophagie

Figure 5: Les différents types de morts cellulaires génétiquement actives, [’apoptose et
I"autophagie. Lors de I’apoptose la membrane cellulaire va bourgeonner et former des corps
apoptotiques. Les phosphatidylsérines présentes dans le feuillet interne de la membrane
plasmique sont externalisées. L autophagie correspond a une auto-protéolyse avec accumulation
de vacuoles autophagiques et destruction d’organites. (D’apres Golstein et Kroemer, 2007;
www.erudit.org)
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Figure 6 : Schéma de la voie des récepteurs de mort. Le ligand active la trimérisation du
récepteur, ce qui permet le recrutement de la protéine adaptatrice FADD. Le clivage de la
procaspase 8 va initier la chaine d’activation des caspases.

DD : Death Domian ; DED : Death Effector Domain.

B-1.2. Les récepteurs de mort
De nombreux stimuli sont capables d'induire I'apoptose. Toutefois, il existe une famille de

récepteurs spécialisés dans l'induction, ce sont les récepteurs de mort. Ces récepteurs sont le plus

souvent impliqués dans la réponse immunitaire qu’elle soit anti-tumorale ou anti-pathogene. Ils
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sont les effecteurs du systéme immunitaire. Les récepteurs de mort jouent un réle prépondérant
dans la cytotoxicité des lymphocytes T et permettent l'élimination d’une cellule cible par
activation d’un processus apoptotique.

La majorité des récepteurs de mort appartient a la grande famille des récepteurs du Facteur
Nécrosant des Tumeurs (TNF-R). Les membres de la famille impliqués dans la mort cellulaire
sont Fas/APO-1 (CD95), TNF-RI, et les récepteurs au ligand TRAIL (Tumor Necrosis Factor-
Related Apoptosis- Inducing Ligand) formés par les récepteurs DR3, 4, 5 et 6. La mort induite par

ces récepteurs est dépendante de l'activation de certaines caspases (Enari ef al., 1995).

Les récepteurs de mort possedent dans leur partie intracytoplasmique, une région
conservée d'environ 80 acides aminés appelée domaine de mort (Death Domain, DD). La
stimulation du récepteur Fas par son ligand va induire la trimérisation du récepteur et le
recrutement par l'intermédiaire de son domaine de mort cellulaire, d'un certain nombre de
protéines impliquées dans la transduction du signal apoptotique. La protéine adaptatrice FADD est
essentielle au déclenchement de la voie de transduction. FADD présente la particularité¢ de
posséder, en plus de son DD, un DED (Death Effector Domain). Le domaine DED est nécessaire
et suffisant pour induire I'activation de ’apoptose. C’est le recrutement des caspases initiatrices 8
et 10 par FADD qui permet le déclanchement de la cascade apoptotique avec 1’activation de la
capase 3 exécutrice (Figure 6). Le complexe formé par le récepteur, les protéines adaptatrices et la
caspase initiatrice est appelé DISC (Death Inducing Signaling Complex). Dans certains types
cellulaires, une apoptose mitochondriale peut étre activée par le clivage de la protéine de la famille

BH3 Bid en t-Bid (Luo et al., 1998 ; ¢f. B-2.1.1.).

Dans certaines conditions, TNF-R1 recrute également FADD, par l'intermédiaire d'une
autre protéine adaptatrice TRADD. Cette dernicre peut aussi interagir avec le DD de la
serine/thréonine kinase RIP, qui selon les circonstances, peut induire l'activation de la voie NF-kB
et la survie ou l'apoptose. RIP est également associée aux récepteurs aux ligands Fas et TRAIL

(Jin et El-Deiry, 2006).

B-1.3. Protection engendrée par les protéines de stress

Certaines Hsp sont capables de réguler négativement 1’apoptose induite par la stimulation

de récepteurs pouvant induire une mort cellulaire active. Ainsi, Hsp27 protege contre la mort

induite par I’activation du complexe Fas/FasL. La protéine Daxx se lie a la partie intracellulaire de
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ce récepteur. Elle est nécessaire pour le recrutement des kinases transductrices de cette voie
comme Ask-1. La rétention de Daxx par Hsp27 prévient son interaction avec le récepteur, et
inhibe donc la mort induite par Fas (Mehlen ez al., 1996 ; Charrette et al., 2000). De méme, Hsp70
prévient la mort induite par Fas en amont de la voie d’apoptose dépendante de la mitochondrie
(Clemons et al., 2005).

Il est aussi remarquable de constater qu’une stimulation pro-apoptotique induite par le
ligand Fas induit des changements du statut de trés nombreuses protéines de stress, qui se traduit
par une augmentation de leur synthése pour Hsp27 et Hsp70 ou une modification de leur
phosphorylation pour Hsp90 et 110 (Gerner ef al., 2000). Il a été mis en évidence que le facteur de

transcription HSF-1 était activé lors de cette stimulation pro-apoptotique (Schett e al., 1999).

Hsp70 exerce également une protection contre la mort induite par le Tumor Necrosis
Factor o (TNFa) mais aucune interaction directe avec le récepteur au TNF n’a été démontrée
(Jaatteld et al., 1992). Le TNFa augmente 1’activité de protéines phosphatases conduisant a
I’inactivation transitoire de HSF-1, inhibant ainsi 1’induction de Hsp70 ce qui favorise 1’entrée en
apoptose (Schett et al., 2003). De plus, il apparait que Hsp70 interagit directement avec la protéine
FANCC, un anti-apoptotique majeur de la lignée hématopoiétique. La formation de ce complexe
permet de protéger des cellules hématopoiétiques contre le TNFa, 'IFNy mais aussi contre
d’autres stress cytotoxiques comme la présence d’ARN double brins (Pang ez al., 2001).

De méme, les petites protéines de stress aB-cristallin et Hsp27 procurent une résistance a
I’action cytotoxique du TNFa (Mehlen ef al., 1995). 1l apparait que Hsp27 est un médiateur
important de la réponse inflammatoire induite par la synthése d’IL-1 et d’IL-10 ce qui permet, par
un mécanisme dépendant de la sérine/thréonine kinase TAKI, une activation des voies de survie
cellulaire comme la voie NFxB (Alford et al., 2007 ; Omori et al., 2006). Hsp90 participe a ce
mécanisme en stabilisant directement la méme kinase TAK1 lors de traitements par ces cytokines

(Shi et al., 2009).

Les Hsp sont également impliquées dans la protection contre la mort induite par le ligand
TRAIL. L’aB-cristallin protege de cette mort en bloquant 1’activation de la caspase 3 (Kamradt et
al., 2005). 11 a aussi été¢ mis en évidence que la déplétion de Hsp27 sensibilise des cellules de
lignées pulmonaires soumises a une mort induite par cette méme mort (Zhuang et al., 2009).

Les grandes Hsp interviennent dans la mort induite par le ligand TRAIL. Ainsi, Hsp90a a

la particularité de se lier de maniére ATP dépendante a la forme courte de la protéine FLIP et de la
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stabiliser. Cette liaison empéche la formation du death-inducing signaling complex (DISC) ce qui

inhibe la mort induite par les récepteurs au ligand TRAIL (Panner ez al., 2005).

B-2. L’inhibition des effecteurs de la mort cellulaire :

Quelles que soient les origines de la mort cellulaire, les protéines de stress sont impliquées
dans de nombreux mécanismes moléculaires conduisant a la survie des cellules. Ainsi, des
phénomeénes génétiquement actifs comme 1’activation des caspases ou des genes de la machinerie
autophagique, ou des phénomenes fortuits comme 1’agrégation protéique d’un prion, sont des

cibles moléculaires de choix pour les Hsp.

B-2.1. La voie apoptotique mitochondriale :

B-2.1.1. L’apoptose mitochondriale

L’apoptose mitochondriale ou voie intrinseque forme la seconde grande voie d’apoptose
mise en évidence. D’une maniere surprenante, c’est la mitochondrie qui joue un réle primordial
dans la régulation de l'apoptose.

En effet, la phase effectrice de I'apoptose comporte 1'ouverture de pores dans la membrane
externe des mitochondries. Ce mécanisme est régit par de nombreuses molécules pro-apoptogenes
comme Bax et Bak. Ces molécules sont constitutivement liées aux membres anti-apoptotiques de
la famille BH3 comme Bcl2. Les signaux générateurs de 1’apoptose sont encore mal compris mais
il est reconnu que la perte d’interaction entre les membres anti-apoptotiques et les membres de la
famille BH3 pro-apoptotiques qui permet 1’oligomérisation de ces derniers sur la membrane
plasmique et la formation des pores. Le pore mitochondrial est un canal constitué au niveau de la
membrane externe par la protéine VDAC (Voltage Dependent Anion Channel) et au niveau de la
membrane interne par la cyclophiline-D et I'ANT (Adenine Nucléotide Translocator). Il a été¢ mis
en évidence que Bax interagissait directement avec VDAC et ANT (Shimizu et al., 1999). 1l
semble que le complexe Bax/Bak puisse induire un changement de conformation du canal VDAC
afin de former un pore permettant le passage des différentes molécules apoptogenes (Figure 7). La
formation de ce pore a pour conséquence premiere la chute du potentiel mitochondrial nommé

AWm.
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Figure 7 : La libération de Bax va permettre son oligomérisation et la formation de pores sur la
membrane mitochondriale. Le cytochrome c¢ va s’échapper de la mitochondrie pour former
I’apoptosome et permettre [’activation des caspases exécutrices. AIF sort aussi de la
mitochondrie, migre dans le noyau ou il va engendrer des modifications déléteres sur I’ADN.

Le relargage massif de molécules apoptogénes comme le cytochrome c et AIF (Apoptosis
Inducing Factor), va étre 1’événement primordial pour la mort cellulaire. Le cytochrome c, en
présence d’ATP, a la propriété de se lier a Apaf-1 (Apoptotic Protease Activating Factor-1) pour
former un complexe supra moléculaire nommé apoptosome. Ce complexe est capable d’induire le
clivage de la pro-caspase 9 en caspase 9 active (Li ef al.,, 1997), qui va ensuite permettre
I’activation de la capasse 3 exécutrice. Celle-ci va déclencher la phase effective de 1’apoptose par
clivage des substrats essentiels a la vie cellulaire comme les lamines, PARP-1 et I’ADN.

Par ailleurs AIF, localisé dans I'espace intermembranaire de la mitochondrie est, apres sa

libération dans le cytosol, transloqué vers le noyau ou il engendre la condensation de la
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chromatine et des Iésions a I’ADN. La voie AIF est indépendante des caspases et ne nécessite

aucun intermédiaire pour provoquer l'apoptose nucléaire (Susin et al., 1999).

La voie des récepteurs de mort est connectée a 1’apoptose mitochondriale. En effet, la
protéine pro-apoptotique Bid est directement clivée par la caspase 8. Son fragment C- terminal ou
t-Bid permet la libération du cytochrome ¢ (Luo et al., 1998). Ce mécanisme serait un moyen
d’amplifier le signal apoptotique issu des récepteurs de mort. Tous les types de cellules ne sont
pas sensibles a ce mécanisme et ce serait le taux endogene de caspase 8 qui serait responsable de

I’activation ou de la rétention de la sortie de cytochrome ¢ (Luo ef al., 1998).

B-2.1.2. Mécanismes moléculaires du blocage induit par les Hsp

Les Hsp interagissent directement avec les protéines exécutrices de la mort cellulaire.

Ainsi, on peut identifier des cibles communes effectrices de la cascade apoptotique.

L’apoptosome est une cible commune pour Hsp27, 70 et 90 qui bloquent la formation de
ce complexe. Les mécanismes moléculaires de cette inhibition ne sont pas clairement élucidés.
Toutefois, il a été montré que Hsp27 intervient spécifiquement dans cette voie mitochondriale
dépendante des caspases. Une interaction entre Hsp27 et le cytochrome ¢ a été démontrée lorsque
celui-ci est relaché de la mitochondrie. Cette interaction inhiberait la formation de 1’apoptosome
(Bruey et al., 2000). Hsp70, a I’instar de Hsp90, pourrait interagir avec Apaf-1 pour inhiber la
formation de 1’apoptosome (Beere et al., 2000). Cependant, des travaux plus récents ont remis en
cause cette interaction et laissent penser que Hsp70 posseéderait plutot un rdle inhibiteur du
relargage du cytochrome ¢ en amont de la mitochondrie (Steel e al., 2004). Néanmoins, Hsp70 se

lie directement a AIF et inhibe sa fonction pro-apoptotique (Ravagnan et al., 2001).

Une autre étude a montré que Hsp27 pourrait interférer avec I’activation de la procaspase 3
en s’associant directement avec la protéase inhibant ainsi son clivage en caspase 3 active (Pandey
et al., 2000). De méme, Hsp70 interagit aussi avec le mécanisme d’activation des caspases, lors de

I’apoptose mais également au cours de processus liés au développement (Ribeil ez al., 2007).

Enfin, il a aussi ét¢ montré que Hsp27 interagissait avec |’actine, permettant sa

stabilisation puisque le cytosquelette subit de profondes altérations lors de 1’apoptose. Cette
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inhibition en amont du déclenchement de 1’apoptose provoque le blocage de la sortie du

cytochrome ¢ mitochondrial (Paul ez al., 2002).

B-2.2. La mort cellulaire indépendante des caspases.

B-2.2.1. L autophagie

L’autophagie est a la fois un mécanisme de survie et de mort cellulaire. Elle participe a la
dégradation des agrégats protéiques et des organites. C’est un processus de survie enclenché
principalement pendant les périodes de jeun cellulaire. Sa distinction avec 1’apoptose est souvent
délicate. Le mécanisme autophagique a lieu sans activation des caspases mais par intervention des
protéines ATG (Autophagy related genes), les protéines Beclin-1 et Bcl2, les voies mTOR
(mamalian target of rapamycin) et PI3Kinase de classe III (Levine et Kroemer, 2008).
L’autophagie est souvent caractérisée par la présence de vacuoles autophagiques caractéristiques

(Figure 5).

Il a été mis en évidence que Hsp70 intervient négativement lors de 1’autophagie cellulaire.
En effet, elle possede une affinité pour certains lipides et permet I’inhibition de la
perméabilisation de la membrane lysosomiale (Kirkegaard et al., 2010). La protéine Hsp70 se
concentre dans les lysosomes et les vésicules d’exocytose, uniquement lorsque la cellule présente
une expression membranaire externe de la cathepsine D. Cette libération de la protéase dans la
matrice extracellulaire serait a I’origine du caractére invasif des tumeurs et de I’angiogenese. La
fonction de Hsp70 serait d’inhiber les possibles fuites de ces vésicules dans le cytosol (Nylansted

et al., 2004).

Par ailleurs, toute la machinerie des chaperons est nécessaire pour la transduction des
protéines altérées dans le lysosome (Agarraberes et Dice, 2001). 1l a ét¢ démontré que 30% des
protéines de certains tissus comme le foie ou les reins en condition de privation de nutriments,
¢taient dégradées par un mécanisme nommé ’autophagie médiée par les chaperons ou CMA
(Chaperone Mediated Autophagy). D’une manicre surprenante, toutes les protéines dégradées par
cette protéolyse contiennent le motif peptidique KFERQ. C’est ce motif qui est reconnu par
Hsc70. Ce complexe est ensuite transloqué vers la matrice lysosomiale pour y étre dégradé par des

protéases (Agarraberes ef al., 1997).
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Concernant les petites Hsp, seule HspB8 a été montrée comme faisant partie de la
machinerie autophagique. Elle interagit directement avec la protéine Bag3 et aurait pour role la
reconnaissance des substrats agrégés comme des agrégats de polyglutamine de la maladie de

Huntington (Carra ef al., 2008).

Par ailleurs, il a été montré que de protéines clientes de Hsp90 pouvaient étre dégradées par
la voie autophagique. En effet, un peptide issu d’'un domaine d’une toxine permet le décrochage et

la dégradation autophagique de certaines cibles de Hsp90 (Shen ez al., 2009).

B-2.2.2. Maladies neuro-dégénératives et prions

Les protéines de stress jouent un role central dans les maladies neuro-dégénératives et la
formation des structures amyloides de type prion car elles sont le pivot de lutte contre 1’agrégation

protéique.

Ainsi, tout le systéeme des chaperons est activé pour lutter contre ce type de déréglements
moléculaires. Ce sont essentiellement les propriétés moléculaires de chaperons stricts et de
détection des polypeptides altérés qui sont mises en jeu dans ces mécanismes.

La protéine Tau est une protéine associée aux microtubules des axones neuronaux, qui
controle la mise en place des différentes isoformes de tubuline ainsi que leur phosphorylation.
Dans le cas de la maladie d’Alzheimer et d’autres tauopathies, elle est surexprimée, hyper
phosphorylée, et possede une forte tendance a s’autoagréger. Pratiquement toutes les protéines de
stress sont impliquées dans des mécanismes moléculaires modulant I’activité de Tau. Ainsi, Hsp70
et 90 se lient directement a Tau, augmentent sa solubilité et son association aux microtubules et
diminuent son agrégation en condition pathologique (Dou et al., 2003). Les petites protéines de
stress interviennent dans ces processus et sont surexprimées dans ces conditions pathologiques.
Cependant, leur réle n’est pas complétement élucidé car si Hsp27 semble de manicre surprenante
augmenter la phosphorylation de Tau, a I’inverse 1’aB-cristallin diminuerait cette phosphorylation

(Bjorkdahl et al., 2008).
Les Hsp sont aussi modulées dans le cas de la maladie de Parkinson caractérisée par

I’accumulation de I’a-synucléine qui s’agrége et ou Hsp70 joue un role pivot (Huang ef al., 2006).

A T’identique, les petites Hsp interviennent et inhibent 1’agrégation de nombreuses altérations des
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protéines du cytosquelette comme le GFAP (Glial Fibrillary Acidic Protein) dans la maladie
d’Alexander (Hagemann et al., 2009).

Des études sur le role des Hsp dans la formation de structures amyloides de type prion ont
¢été réalisées chez la levure. Les homologues des Hsp humaines jouent un rdle essentiel pour lutter
contre la propagation des prions. Ainsi, Hsp104, 70 et 40 agissent de concert pour inhiber a la fois

la formation, la diffusion et I’élimination du prion sup35 de levure (Shorter et Lindquist, 2008).

B-3. Les voies de transduction des signaux

B-3.1 La modulation de kinases

Les Hsp posseédent la faculté¢ d’interagir avec des kinases dont le rdle est central dans
différentes voies de transduction de signaux, fréquemment altérées lors de cancers. Ainsi, Hsp90
stabilise la protéine kinase RIP-1 (qui relie les récepteurs de mort a la voie de survie NF-xB). En
absence de Hsp90, RIP-1 est dégradée et la voie NF-kB inactivée, ceci conduit a une
sensibilisation a la mort induite par la cytokine TNFa. Hsp90 interagit et stabilise également la
DAPK (Death-Associated Protein Kinase) qui s’associe lors d’une stimulation pro-apoptotique
aux domaines de morts de certains récepteurs. Hsp90 inhibe sa dégradation en prévenant le
recrutement de la co-chaperone CHIP, responsable de son ubiquitination et de sa dégradation

(Zhang et al., 2007).

Ce role anti-apoptotique peut aussi étre médié par la capacité¢ d’Hsp90 a interférer avec 1’une
des voies majeures de survie cellulaire, la voie Akt/PKB (Sato et al., 2000). En effet, I’interaction
d’Hsp90 avec la phosphoprotéine Akt/PKB protége cette derni¢re de sa déphosphorylation par la
protéine phosphatase PP2A, et contribue ainsi a I’inhibition de la voie apoptotique mitochondriale
en bloquant I’activation de la caspase 9. Hsp27 interagit également avec Akt et module ses
fonctions. Ainsi, la rétention de Hsp27 dans un complexe formé par Akt, la p38 MAPK et la
MAPKAPK?2 provoquerait un blocage de la voie de survie Akt, engendrant ainsi une apoptose
massive. Inversement, la phosphorylation de Hsp27 et sa libération par le complexe permettraient
d’amplifier le signal de survie. Ce mécanisme serait I'une des bases du contréle de 1’apoptose ou

de la survie des neutrophiles (Rane et al., 2003).
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Hsp70 est un régulateur négatif de la kinase Ask-1 impliquée dans le maintien de
I’équilibre redox en réponse aux RLO ou en réponse au stress du réticulum endoplasmique (Park
et al., 2002). Cette kinase permet 1’activation des voies de réponse au stress telles que la voie de la

p38MAPK et la voie de la c-Jun N-terminal kinase (JNK).

B-3.2 Le cycle et la division cellulaire

B-3.2.1 Modulation directe du cycle

Hsp90 joue aussi un role prépondérant dans le cycle cellulaire en modulant 1’activité de
nombreuses kinases directement impliquées dans le cycle.

Ainsi, Hsp90 se lie a Cdk-4 (cyclin dependant kinase 4) ce qui agit directement sur le
relarguage de la cycline-D. La fonction chaperon d’Hsp90 permet une stabilisation du complexe
Cdk4/cycline D lors de la phase Gi. Ce complexe serait déstabilisé pour permettre 1’entrée en
phase S (Zhao et al., 2004). Les régulations du cycle cellulaire s’effectuent grace a 1’action d’un
autre co-chaperon, la protéine Cdc37. Celle-ci se lie a un domaine protéique spécifique des Cdk
nomm¢é boite G (G-box). Il semble que I'implication de Hsp90 dans le cycle cellulaire soit I'une
des bases de ’effet des traitements anti-cancéreux ciblant cette protéine de stress. Ainsi, cibler
Hsp90 par des inhibiteurs chimiques provoque la dégradation de ses interacteurs comme cdc2 and

cdc25c¢ ce qui entraine un blocage du cycle en phase G2/M (Garcia-Morales, 2007).

De méme, Cdkl11 p110, un autre membre de la super famille des Cdk interagit directement
avec la cycline L, impliquée principalement dans la régulation de I’épissage des pré-ARNm.
Ainsi, la kinase Cdk11 p110, un substrat des caspases lors de 1’apoptose, est stabilisé par Hsp90.
Ce mécanisme permettrait de bloquer I’entrée en apoptose et empécherait I’arrét du cycle

cellulaire lié a un épissage incorrect des pré-ARNm (Mikolajczyk et Nelson, 2004)

Par ailleurs, il a ét¢ montré que Hsp27 permet la dégradation de la protéine p27 kipl ce qui
permet ’entrée en phase S des cellules stressées (Parcellier et al., 2006). De plus, Hsp27 permet
une levée de la sénescence cellulaire induite par traitement chimique en modulant la régulation

p53 dépendante, de la protéine p21 (O'Callaghan-Sunol ef al., 2007).
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B-3.2.2 Hsp et mitose

Les protéines de stress jouent également un réle dans les mécanismes moléculaires de la
division cellulaire. En effet, Hsp70 est une protéine présente dans les centrosomes en condition
normale et les protégent aussi en condition de stress. Sa présence permet d’éviter des
déstructurations pouvant provoquer des divisons anormales (Hut ez al., 2005). De plus, il apparait
que la forme mitochondriale de Hsp70 (mtHsp70) permet le recrutement de p53 au niveau des
centrosomes. L’inhibition de cette interaction par des formes mutantes empéche leur duplication et

ne permet donc pas la division cellulaire (Ma ef al., 2006).

Hsp90 permet le recrutement du complexe cycline B/Msp (Microtubule associated mini-
spindles) au niveau des fuseaux mitotiques. Hsp90 ne joue cependant aucun role pour la stabilité
de ce méme complexe qui est un évenement clef de la division cellulaire (Basto et al., 2007).

Sp1 a été décrite comme étant un co-chaperon de Hsp90. Les protéines de la famille Polo
sont impliquées dans 1’organisation des centrosomes et interagissent directement avec Spl. Des
mutants de la protéine Spl perturbent la division cellulaire et bloquent les cellules dans un état
quiescent de prométaphase. D’une manicre remarquable, des cellules possédant des mutations de
Hsp90 présentent le méme phénotype de défaut de formation des centrosomes (Martins et al.,

2009).

B-4. Facteurs de transcription:

L’interaction la plus étudiée entre les Hsp et des facteurs de transcription est celle
conduisant a la rétention cytoplsamique des facteurs HSF en abscence de stress (cf. A-2.).
Cependant, les Hsp stabilisent également d’autres facteurs de transcription impliqués dans

différents mécanismes moléculaires.

B- 4.1. Le suppresseur de tumeur p53

Les Hsp sont impliquées dans la modulation des activités de facteurs de transcription clefs
dans la régulation de la balance entre survie cellulaire et apoptose.

Ainsi Hsc70, Hsp90 et un complexe de protéines agissant en tant que co-chaperons
interagissent avec la protéine suppresseur de tumeur p53 (King ef al., 2001). On remarque aussi

que cette affinité est augmentée en condition de stress, ce qui préviendrait I’inactivation de p53
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par dénaturation thermique (Muller et al., 2004). Le recrutement de la protéine CHIP par le
complexe de chaperons permet une dégradation de p53. Ce mécanisme constituerait une
alternative a la dégradation de p53 controlée par la protéine Mdm?2 (Esser et al., 2005).

Comme mentionné précédemment, Hsp90 posséde aussi la faculté de « chaperonner »
certains mutants non fonctionnels. Ainsi, Hsp90 interagit avec le mutant p53-R175H qui a un effet
dominant négatif sur p53. En inhibant sa dégradation, Hsp90 favoriserait les disfonctionnements
du cycle cellulaire et permettrait ainsi 1’échappement tumoral. Cependant, il a été montré que
I’affinité entre les Hsp et les mutants de p53 est diminuée. En effet, les Hsp reconnaissent une
structure protéique déterminée et celle-ci est souvent altérée chez les mutants. Il n’y aurait donc
pas de rétention systématique des mutants de p53 par Hsp90 (King et al., 2001). Cependant, les
interactions entre les nombreux mutants de p53 et Hsp90 semble un élément primordial de la
transformation cellulaire aboutissant a un phénotype malin et I’implication réelle des Hsp lors de

CCS processus.

B-4.2. Les autres facteurs de transcriptions

Ainsi, Hsp70 et 90 collaborent dans la régulation du facteur de transcription IRF-1
(Interferon Regulatory Factor 1). Ce dernier active la transcription de geénes impliqués dans la
réponse a I’hypoxie, a des infections pathogenes et a des dommages a ’ADN. Le geéne codant
IRF-1 est un suppresseur de tumeur et sa déplétion entraine une recrudescence de cancers de
I’cesophage et de leucémies. Inhiber Hsp90 et 70 empéche les activités transcriptionnelles de ce
facteur ce qui potentialise des traitments a I’interferon. Par ailleurs, Hsp90 augmente la demi-vie
de IRF-1 et permet son accumulation nucléaire mais pas cytoplasmique (Narayan et al., 2009).

De méme, Hsp27 possede la faculté d’interagir et de stabiliser le facteur de transcription
STAT3 (Signal Transducers and Activators of Transcription 3), dérégulé dans de trés nombreux
cancers. C’est un activateur transcriptionnel des génes codant deux anti-apoptotiques majeurs que
sont BCL-xv et la survivine. Il a été¢ prouvé dans des cellules de prostate qu’une déplétion en
Hsp27 favorisait la dégradation de STAT3 ce qui impliquerait que d’autres Hsp posséderaient des

protéines clientes comme Hsp90 (Rocchi ef al., 2005).
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Figure 9: Schéma récapitulatif des interactions des Hsp avec les différentes voies de mort
cellulaire. La grande diversité ainsi que le grand nombre de cibles inhibées rend compte des
nombreuses implications des Hsp dans la cytoprotection.

La pluralité des cibles des Hsp est autant d’exemples du role central qu’elles occupent dans
les différents processus de maintien de I’homéostasie cellulaire et notamment dans la balance entre
la mort de la cellule et sa survie (Figure 9). Ainsi, grace aux Hsp, une cellule pourrait survivre

malgré différentes mutations et se diriger vers un état de malignité.
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C-LES HSP ET LA CANCERISATION :

Le blocage du processus apoptotique par les Hsp peut permettre a la cellule de survivre a
différentes altérations comme des mutations oncogéniques. Celles-ci, en s’accumulant vont altérer
le fonctionnement de la cellule et participer a la transformation, jusqu'a un état prolifératif puis

cancéreux.

C-1. Les Hsp et I’échappement tumoral

C-1.1. Hsp et transformation tumorale

Les Hsp sont impliquées dans I’inhibition de la mort cellulaire mais il est envisageable que
le maintien en vie d’une cellule possédant des 1ésions, notamment des inactivations d’oncogene,
ne soit pas l'unique mécanisme permettant la transformation d’une cellule. Les Hsp
interviendraient de manic¢re active et donc directement dans les mécanismes menant a la

cancérisation.

HSF-1 a été montré comme possédant intrinsequement un potentiel oncogénique chez la
souris. En effet, des souris invalidées pour le géne Asf-1, présentent une diminution importante du
nombre de tumeurs induites apres traitement par un carcinogeéne puissant (Dai et al., 2007). 11
semble donc établi que ses cibles transcriptionnelles sont des molécules a fort potentiel
oncogénique. HSF-1 fait donc aussi potentiellement des cibles thérapeutiques majeures, car

I’inhiber revient a bloquer la synthése de la majeure partie des Hsp.

Le phénomene de rétention de mutants d’oncogeénes comme ceux de la protéine p53 par
Hsp90 semble aussi étre un phénomene central dans le passage a 1’état transformé (cf. B-4.1.). Ce
phénomene serait potentiellement en adéquation avec la théorie de transformation cancéreuse par

étape de type Weinberg (Hahn ez al., 1999).
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C-1.2. Role cytoprotecteur des Hsp en thérapie anti-cancéreuse

Outre ces phénomenes actifs de passage a 1’état cancéreux, il apparait que les protéines de
stress sont impliquées de manicre plus passive via leur accumulation en réponse au stress, dans la

survie des cellules tumorales.

C-1.2.1. La chimiothérapie

Lors d’un traitement chimio-thérapeutique, les cellules cancéreuses subissent un stress
important engendré par 1’agent utilisé. Ainsi, il a été montré que les protéines de stress protegent
les cellules contre 1’action de nombreux inducteurs d’apoptose et de drogues anticancéreuses. Il
est cependant remarquable de constater que le stress engendré par des traitements comme le
cisplatine et ’adryamicine provoque 1’accumulation des Hsp dans les cellules cancéreuses. La
protection engendrée par les Hsp est donc amplifiée lors de la tumorigenese (Ciocca et
Calderwood, 2005). L’apparition des protéines anti-apoptotiques est donc un mécanisme clef de la
prolifération et de I’agressivité tumorale.

Il est a noter que I’'immense majorité des études, réalisées a ce jour, concernent seulement
trois Hsp: Hsp27, 70 et 90. En effet, les autres protéines de stress agissent plutdt comme
cofacteurs de ces principales Hsp mais de récentes études tendraient a montrer qu’elles possedent

également un fort potentielle oncogénique (Moyano ef al., 2000).

Les Hsp protegent la cellule tumorale contre différentes drogues utilisées en
chimiothérapie en bloquant la mort cellulaire. Hsp27 inhibe ainsi la mort induite par des agents
comme I’étoposide, un inhibiteur de la topoisomérase 2, qui lui méme inhibe la synthése de Hsp27
lors de traitement de cancers ovariens et utérins (Tanaka ef al., 2004). L’inactivation du
protéasome par le bortezomib conduit a I’accumulation de protéines mal conformées ; Hsp27 et
Hsp70 inhibent cette accumulation et favorisent la survie de celles tumorales traitées par cet
inhibiteur (Chauhan et al., 2004 ; Voorhees et al., 2007). Hsp27 protége contre la mort induite par
le cisplatine (agent intercalant), en favorisant I’activation de la voie PI3Kinase/Akt et I’activité
d’une enzyme détoxifiante des RLO la thioredoxine réductase (Zhang et Shen, 2007). Hsp70
inhibe la mort de cellules cancéreuses du pancréas traitées au quercetin (Aghdassi et al., 2007). De
manicre identique, Hsp70 procure une forte résistance de cellules de tumeurs mammaires au
traitements par la gemcitabine et le topotecan, respectivement un antimétabolite et un inhibiteur

mitotique (Sliutz et al., 1996). Hsp70 et Hsp27 agiraient de concert pour favoriser la survie apres
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traitement par la doxorubicine, une molécule génératrice de RLO (Karlseder et al., 1996 ;
Venkatakrishnan et al., 2006).

De méme, Hsp90 joue un role central dans la cytoprotection. En effet, elle a été décrite
comme bloquant de nombreux agents anticancéreux comme les agents progestatifs et le taxol. De
plus, I’inhibition d’Hsp90, en perturbant le signal de survie Akt, potentialiserait largement ce

traitement (Saulit ez al., 2003).

C-1.2.2. La radiothérapie

L’expression des Hsp est également fortement accrue en réponse a Il’action de
rayonnements ionisants comme ceux utilisés en radiothérapie. La présence des Hsp semble
inversement corrélée a I’efficacité de la réponse aux traitements et semble étre a 1’origine d’une
forte radiorésistance (Miyazatui et al., 2005). Il semble donc possible a partir de biopsies, de
prédire la future réponse d’un patient a la radiothérapie et ainsi de proposer un traitement adéquat.
Dans ce contexte, notre laboratoire en collaboration avec une équipe de 1’Hopital Lyon-Sud a
montré qu’Hsp27 était un modulateur négatif de la mort induite par les rayonnements vy, pour des
cancers des voies adriennes supérieures (Aloy et al., 2007).

Hsp70 protége aussi contre les rayonnements ionisants de type y en agissant de concert
avec Hsp40 et les protéines de la famille Bag, en s’externalisant de la cellule ce qui module

I’activité de cellules Natural Killers (Gehrmann ef al., 2005 ; ¢f. C-2.2.)

L’ensemble de ces données indique que les Hsp interviennent dans la survie des cellules
cancéreuses. Les Hsp comme toutes les protéines anti-apoptotiques jouent donc un réle important

dans la résistance aux traitements, et donc un role central dans 1’agressivité tumorale.

C-1.3 Les Hsp et I’agressivité tumorale

Les protéines de stress jouent un role important dans le blocage du processus apoptotique
et dans la cytoprotection, ce qui induit directement leur implication dans 1’échappement tumoral. Il
a par exemple, été montré chez le rat que la seule présence de Hsp27 et de Hsp70 dans deux
lignées issues du méme cancer du colon pouvait induire des formes progressives (présence) ou
régressives (absence) de formation de tumeur, une fois ces cellules réinjectées dans un animal

syngénique (Garrido et al., 1998).
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Table 4 : Implications de Hsp dans le pronostic et la pathologie cancéreuse. (D apres Ciocca et
Calderwood, 2005 ; Koga et al. ; Tian et al., 2007 ; Gehrmann et al., 2005).

De plus, on retrouve des taux significativement plus élevés de Hsp27 dans de tres
nombreux types de tumeurs. Le traitement n’explique souvent pas a lui seul la présence des Hsp,
car on les retrouve dans de trés nombreux types tumoraux non encore médicalisés. Ainsi, il
apparait qu'une forte accumulation de Hsp27 semble néfaste dans des cancers comme ceux de
’ovaire, de I’estomac, du poumon ou de la prostate. A Iinverse, un fort taux d’expression de
Hsp27 semble bénéfique pour un nombre bien plus restreint de carcinomes tels que les cancers de

I’cesophage et de 1’endomeétre (Ciocca et Calderwood, 2005). Hsp27 serait aussi une protéine
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favorisant a 1’apparition de métastases (Tian et al., 2007). Les premicres études montrent que la
MMP-9, une métalloprotéinase essentielle pour le clivage de protéines matricielles et I’invasion,
est régulée négativement lorsque Hsp27 est déplétée (Bausero et al., 2006).

Le taux d’aB-cristallin serait corrélé a un pronostic sombre dans des cancers du sein, ou il

serait favorable a la formation d’acini, une Iésion pré-invasive (Moyano ef al., 2006)

De méme, Hsp90 posséde des propriétés contradictoires selon le type de cancers,
néanmoins sa présence semble largement défavorable. Par exemple, la présence d’Hsp90 induit un
pronostic néfaste lors d’un hépatocarcinome. En effet, Hsp90 aurait la capacité de « chaperonner »
les protéines oncogéniques HER-2/neu et p53 mutées et d’inhiber leur dégradation par le
protéasome, protégeant ainsi des cellules contenant de graves altérations. Par ailleurs, Hsp90
possederait la propriété de stabiliser le facteur d’hypoxie HIF-1. Celui-ci est sécrété¢ massivement
dans des cellules en condition de privation d’oxygene. Dans des modéeles de tumeurs hépatiques
ou de tumeurs de la vessie, inhiber chimiquement Hsp90 permet de réduire drastiquement
I’invasion tumorale, mais aussi de prévenir I’angiogenese ainsi que la formation de métastases

(Koga et al., 2007).

A Pinverse, la fonction chaperon de Hsp90 permet le maintien d’un état plus mature du
récepteur a la progestérone, ce qui freine une perte trop drastique de 1’état différencié et rend les
tumeurs moins agressives et plus sensibles aux agents progestatifs synthétiques, dans le cas d’un

cancer de I’endomeétre (Saha et al., 2004).

Enfin, Hsp70 joue des rdles variables dans différents types de cancers. Sa présence est
bénéfique pour le pronostic cancéreux dans des tumeurs comme celles de I’cesophage, du
pancréas, du rein et défavorable dans de trés nombreux cancers comme ceux de 1’estomac, de

I’endométre et de 1’utérus (Ciocca et Calderwood, 2005).

Ce role ambivalent des Hsp ne va cependant pas a I’encontre du rdéle important qu’elles
possedent dans la cytoprotection et I’agressivité tumorale. Il est donc important de connaitre les
roles des Hsp dans les différents types de cancers pour évaluer si leur inhibition présentera un

avantage thérapeutique lors d’un traitement anticancéreux.
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C-1.4. Le diagnostique cancéreux

Les Hsp ne semblent pas étre de bons marqueurs du diagnostic des pathologies
cancéreuses. Il n’a en effet pas été établi de corrélation directe entre le niveau d’expression des
protéines de choc thermique et le stade de différenciation tumorale : cancer bien délimité, avec
envahissement ganglionnaire, métastatique, et plus généralement pas de lien direct avec la
classification TNM. Il existe tout de méme quelques exceptions Hsp27 serait un marqueur
diagnostic pour des cancers de la prostate résistant aux androgenes et Hsp70 serait un marqueur

important dans les cancers du foie (Cornford et al., 2000 ; Di Tommaso et al., 2009).

Il est cependant possible de prédire la future réponse aux traitements émise par les patients
en regardant les niveaux d’expression des Hsp et de toutes les autres protéines de survie
(Miyazatui et al., 2005). Les Hsp seraient donc assimilables a des facteurs pronostics mais ne
permettant pas le diagnostic réel, sans doute lié au fait de I’hétérogénéité de leur faculté

d’induction.

C-2. Ciblage thérapeutique des Hsp:

C-2.1. L’inhibition des Hsp

Il est certain qu’inhiber les protéines de stress semble étre une stratégie pertinente pour des
thérapies anti-cancéreuses. De plus, les cellules normales n’expriment que trés peu les Hsp
inductibles, leur ciblage n’entrainerait donc qu’une faible toxicité et une spécificité de ciblage de

la tumeur.

C-2.1.1. Les inhibiteurs chimiques de Hsp90

La découverte d’un antibiotique naturel, inhibiteur de la fonction chaperon d’Hsp90 : la
geldanamycine et d’un homologue stable moins hépatotoxique, le 17-AAG ou tanespimcycin (17-
allylamino-17-demethoxygeldanamycine) permet d’envisager deés a présent un ciblage
thérapeutique de cette Hsp. Des études cliniques de phase II sont d’ailleurs actuellement réalisées
aux Etats-Unis et en Grande-Bretagne (Hostein ef al., 2000 ; Banerji et al., 2005).

Parallélement, de nombreuses recherches ont été initiées dans le but de trouver des

homologues encore plus stables et moins toxiques et de développer d’autres molécules de la
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famille des benzoquinones telles que I’herbimycine A et 1’ansamycine. Toutes ces molécules

possedent la méme faculté de bloquer le domaine de liaison a I’ATP de Hsp90 (Miyata, 2005).

Le 17-AAG a été utilisé pour le traitement de différents types de cancers comme ceux de
I’ovaire, de I’estomac et les différents cancers gastriques pour déterminer les différents niveaux de
toxicité supportables par les patients.

Il est acquis dans la littérature que I’effet du 17-AAG est lié a la fonction d’Hsp90 dans des voies
d’activation de kinases (Banerji et al., 2005). Lors des différentes études réalisées, les auteurs ont
souligné les diminutions des niveaux intra-cellulaires de nombreuses oncoprotéines des familles
telles que Erb, Ras ou Akt, suite a une déstabilisation engendrée par 1’inhibition fonctionnelle de
la protéine chaperon. Apres traitement par le 17-AAG, entrainant une déplétion rapide des kinases
Raf-1 et Cdk-4, on observe une surexpression de Hsp70 chez de nombreux patients, ce qui conduit
a penser que les cellules cancéreuses s’adaptent en permanence a leur environnement extérieur en
utilisant les différentes voies de prolifération disponibles. Des inhibiteurs de Hsp90 n’induisant
pas P’activation des HSF sont d’ailleurs recherchés dans le but de réduire 1’activation d’autres Hsp
en réponse a I’inhibition d’une premicre. Par ailleurs, il a ét¢ démontré que la présence de Hsp90
dans la mitochondrie était spécifique des cellules tumorales. Trouver des inhibiteurs spécifiques
de cette forme s’avére une piste sérieuse pour abaisser la toxicité des composés ciblant Hsp90

(Kang et al., 2007).

Il semblerait que le ciblage de Hsp90 par ces composés chimiques induise un blocage du
cycle cellulaire. Les effets moléculaires restent a affiner car ils apparaissent contradictoires selon
les lignées utilisées mais soulignent la complexité du réle joué par Hsp90. En effet, une étude
montre que 1’effet du 17-AAG est corrélé a un blocage du cycle cellulaire pendant la phase G2/M,
lié a la surexpression de la protéine du rétinoblastome Rb dans trois des quatre lignées de cancer
du colon testées (Hostein et al., 2000). Or, une autre montre que I’arrét du cycle cellulaire a lieu
pendant la phase G1 sur des lignées pulmonaires (Srethapakdi ez al., 2000). De ce fait, elles ne
permettent pas de caractériser totalement les effets induits par les traitements. Il reste néanmoins
évident que la compréhension des effets cliniques du 17AAG et de ses dérivés en cours de
développement, est trés importante pour déterminer avec quels autres médicaments les inhibiteurs
de Hsp90 pourront étre combingés.

Il semble aussi qu’inhiber lors d’un traitement, la fonction d’une protéine jouant un role
aussi central que Hsp90 puisse perturber certaines voies et entrainer a long terme des effets

négatifs sur les patients. Ainsi, il a été montré que 1’inhibition de Hsp90 pouvait induire la
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dégradation de la kinase suppresseur de tumeurs LKB1 ce qui pourrait potentiellement entrainer
I’apparition de polypes. La caractérisation des effets a long terme de I’inhibition de Hsp90, semble

donc aussi trés importante pour ajuster au mieux les futurs traitements (Nony et al., 2003).

Récemment un nouvel inhibiteur est venu compléter la gamme des inhibiteurs de Hsp90. 1l
s’agit d’un amide resorcinylic isoxazole nommé NVP-AUY922, qui permet d’inhiber a la fois la
croissance tumorale mais aussi I’angiogenese et la formation de métastases issues de xénogreffes
induites chez la souris (Eccles ef al., 2008). Ce composé est actuellement en test pour des essais
cliniques de phase I, mais malheureusement les premiéres limites sont déja apparues puisque son
utilisation engendre I’induction de Hsp70. Un autre composé le 2-aminothieno|2,3-d]pyrimidine
qui entre en compétition avec la boite ATPasique de Hsp90, inhibe la croissance de xénogreffes
chez la souris. Ce composé fournira une grande facilité¢ d’utilisation pour les patients et le
transport de la molécule dans le systéme sanguin car il est soluble dans 1’eau (Brough et al., 2009).
Derni¢rement, il a été montré que le PU-H71, permettait de traiter des lymphomes B en
déstabilisant I’interaction entre 1’oncogene Bcl6 et Hsp90. Cette nouvelle molécule est un dérivé
de base purique et permet la dégradation de Bcl6 dans des lymphomes ou elle est chroniquement

activée (Cerchietti et al., 2009).

C-2.1.2. Les inhibiteurs chimiques de Hsp70

Récemment des inhibiteurs chimiques de Hsp70 ont été caractérisés. Une équipe a montré
que le 2-phenylethynesulfonamide ou PES se liait sélectivement a la forme inductible de Hsp70 et
non a sa forme constitutive Hsc70 (Leu et al., 2009). Ce composé chimique a été découvert apres
un crible chimique centralisé¢ sur le déclenchement d’une apoptose mitochondriale induite par
activation de la voie p53. Il a pour action de déstabiliser 1’interaction entre Hsp70 et p53 mais
aussi de moduler I’interaction entre Hsp70 et certains de ses co-chaperons. Cette drogue augmente
aussi I’autophagie, ce qui induit un effet délétere sur la survie de cellules cancéreuses. De plus, ce
composé semble utilisable en thérapie anticancéreuse puisqu’il augmente la survie de souris

mode¢les de lymphome (Leu ef al., 2009).
D’autres molécules chimiques sont en cours de développement mais les études sont encore

sommaires pour connaitre leur réel potentiel thérapeutique. Par exemple, le VER-155008, un

dérivé de 1’adénosine se lie avec la boite ATPase de Hsp70 et permet de sensibiliser des lignées
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cancéreuses a I’apoptose. Ce compos¢ mime I’effet des inhibiteurs de Hsp90 puisque les protéines

clientes de Hsp90 sont dégradées (Massey et al., 2010).

C-2.1.3. Les méthodes alternatives

A ce jour aucun inhibiteur chimique n’a été identifié pour Hsp27, ce qui laisse un large
champ d’investigations ouvert. L’une des difficultés majeures dans la création de nouvelles
molécules ciblant Hsp27 est le fait qu’il n’a pas été réalisé de cristallographie de cette protéine a

I’état oligomérique, une structure clef régulant sa fonction protectrice et anti-apoptotique.

Des stratégies alternatives se développent pour fournir de nouvelles molécules
anticancéreuses. Ainsi, deux types de méthodes se développent essentiellement basées sur les
stratégies antisens et les inhibitions par des peptides compétiteurs et ceci pour toutes les protéines
de stress (figure 10).

Inhiber Hsp70 par des stratégies basées sur I’interférence ARN permet d’inhiber la survie
de cellules cancéreuses. D’une manicre surprenante inhiber les mémes membres de la famille avec
ces stratégies permet une synergie trés importante pour la mort cellulaire. Il est a noter que dans
une ¢tude, Hsp70-2 montrée pour étre impliquée dans la spermatogencse, est aussi étudiée en
temps que cible thérapeutique puisque surexprimée dans les tumeurs (Rohde ef al., 2005). De
méme, le ciblage concomitant de Hsp70 et Hsc70 inhibe les activités de Hsp90. Il est remarquable

de constater que cette inhibition semble spécifique des cellules cancéreuses (Powers et al., 2008).

Une nouvelle génération de stratégies antisens est aussi en train d’émerger. Elle est basée
sur des petits ARN stabilisées et moins sensibles a I’action de ribonucléases. Des groupements 2’
O-Methoxy ethyl/ methyl sont ajoutés aux extrémités 3’ et 5° de la structure de base de ’antisens.
En plus d’une demi-vie augmentée ces oligonucléotides présentent une affinité plus forte vis-a-vis
de leur cible. Pour Hsp27, I’OGX-427 développé par la société OncoGenex (Canada) a ét¢ montré
comme efficace lors d’études précliniques sur des cancers de la prostate, de la vessie et du

carcinome téte et cou ( Snoek et al., 2009 ; Hatchity et al., 2009 ; Mastui et al., 2009).
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Figure 10 : Schéma des stratégies de ciblage développées pour inhiber les protéines de stress. La
principale contrainte réside dans le facteur temps du développement de drogues inhibant
spécifiquement une cible, pour les Hsp qui ne posséedent pas d’inhibiteurs naturels.

D’autres stratégies consistent a isoler des molécules possédant un effet peptido-
mimétiques. Ainsi, la Shepherdine est un peptide congu pour inhiber la boite ATPase de Hsp90.
Ce composé a pour origine un peptide issu de la séquence polypeptidique de la survivine, cliente
de Hsp90. Il permet le décrochage des autres protéines clientes de la protéine de stress. Cette
molécule ne semble pas étre cytotoxique pour les cellules normales comme les progéniteurs
hématopoiétiques (Plescia et al., 2005). Sur le méme modele, une étude a permis d’isoler un
heptapeptide inhibiteur des activités tumorigéniques de Hsp27. Ce peptide correspond a la zone

d’interaction restreinte entre Hsp27 et la kinase PKC 8 (Kim ef al., 2007).
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C.2.2. Hsp et immunité

C-2.2.1. Hsp et systéme immunitaire

Différentes études démontrent une implication des Hsp dans certains mécanismes de la
réponse immunitaire. Il a ét¢ montré que Hsp70 joue un rdle de cargo moléculaire lors de la
présentation des peptides du complexe majeur d’histocompatibilité (CMH) a la surface cellulaire.
En effet, elle s’associe aux peptides antigéniques issus de la dégradation par le protéasome et les
guide dans le réticulum endoplasmique ou ils sont maturés et associés aux récepteurs du CMH
grace aux transporteurs TAP (Transporters associated with Antigen Processing). De méme, Hsp90
participe a la formation des molécules du CMH de classe II (Houlihan ez al., 2009).

Ces récepteurs subissent alors une présentation a la surface cellulaire ou ils seront reconnus

par le systéeme immunitaire.

C-2.2.2. Hsp et vaccination

Dans les carcinomes de stade avancé, certaines anomalies cellulaires engendrent des
déreglements induisant le relargage dans la matrice extracellulaire de Hsp70 couplée a certains
peptides antigéniques (Gong et al., 2010). Ce mécanisme est une des bases de la présentation
croisée (cross-presentation) des antigénes ou des peptides du soi sont présentés en étant associés
aux récepteurs du CMH (Massa et al., 2005). Les protéines de stress extracellulaires fourniraient
donc aussi un signal de danger qui engendrerait le déclenchement du systéeme immunitaire (figure

10).

Ainsi, le relargage des complexes Hsp70/peptide serait a 1’origine d’une amplification de la
réponse immunitaire ciblant la tumeur. L’utilisation de Hsp70 comme adjuvant dans des vaccins
pourrait induire une inhibition de la croissance tumorale en favorisant le systéme immunitaire et la
présentation croisée des antigenes (Ciupitu et al., 2002 ; Massa et al., 2004 ; Murshid et al., 2008 ;
Gong et al., 2010).

Toutefois, les mécanismes moléculaires de cette action sont encore assez méconnus. Le
complexe Hsp70/peptide, qu’il soit présenté a la surface cellulaire, relargué par les cellules

cancéreuses ou apporté par le vaccin, serait reconnu par des récepteurs comme les TLR (Toll Like
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Figure 11 : /. Hsp70 participe au guidage des peptides antigéniques issus de la dégradation par
le protéasome. Elle permet leur association, avec [’aide des transporteurs TAP, aux récepteurs du
CMH de classe 1.

2. Dans une cellule cancéreuse, le complexe Hsp70/peptide est reldché dans la matrice
extracellulaire. Ce complexe est reconnu par des récepteurs TLR d’une cellule dendritique ce qui
va induire sa phagocytose. On a alors une présentation croisée en tant que peptide antigénique.

3. La reconnaissance de [’antigéne par un lymphocyte T va activer toute la réponse immunitaire
ce qui va induire [’activation de la réponse anti-tumorale.

4. La liaison du complexe peptide/Hsp70 va aussi induire un signal de survie chez la cellule
dendritique entrainant la synthese de facteurs amplificateurs de la réponse immune.

5. Les celles NK reconnaissent directement les Hsp extracellulaires et vont directement cibler ces
cellules via leur systeme lytique granzyme et perforine.

(D’aprés Massa et al., 2005 ; Murshid et al., 2008 ; Chen et al., 2009 ; Javid et al., 2009 ; Gong
etal.,2010).

Receptors) 2 et 4 des cellules dendritiques (Chen ef al., 2009). La liaison entre ce complexe et le
récepteur activerait la voie de survie NF-kB. Cette derniére provoquerait la synthése de nombreux
facteurs nécessaires a la réponse immunitaire telles que CD40, IL-6, TNF-a... Tous ces agents

sont des initiateurs de la réponse immune et permettraient d’amplifier la réponse anti-tumorale
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préexistante. On aurait aussi une phagocytose de débris issus de la nécrose des cellules
cancéreuses qui pourrait activer une réponse immune anticancéreuse (Javid et al., 2009).

Il semble enfin que les complexes Hsp/peptides pourraient étre internalisés et présentés a la
surface de cellules dendritiques (Massa ef al, 2005). Cette présentation permettrait la
reconnaissance de ces peptides antigéniques par des lymphocytes T cytotoxiques et fournirait ainsi
des épitopes spécifiques des cellules cancéreuses. Il semblerait aussi que la présence des protéines
de stress et plus particuliecrement de Hsp70, soit importante pour activer les cellules NK (Natural
Killer), les cellules de I’'immunité innée qui ne nécessitent pas de présentation d’antigénes

spécifiques (Zeng et al., 2006) (figure 11).
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CONCLUSION- PERSPECTIVES

Les protéines de stress, du fait de leur role de chaperons moléculaires, jouent un role
majeur dans le maintien de ’homéostasie cellulaire. En conditions de stress, ce rdle est renforcé
car la cellule subit des altérations diverses qui peuvent conduire a sa mort. Les Hsp participent
activement a la cytoprotection et favorisent donc parfois la sauvegarde d’anomalies, qui en
s’accumulant peuvent participer a la cancérisation.

Si I’on considere ce phénomeéne comme un processus multi-étapes, on peut penser que la
présence de protéines protectrices favorise 1’échappement tumoral. D’ailleurs, il semble que le
niveau d’expression des Hsp soit plus important au fur et & mesure de la cancérisation, et qu’il

augmente en réponse aux différents traitements (Ciocca et Calderwood, 2005).

Les grands espoirs engendrés par les inhibiteurs d’Hsp90 suggerent que les différentes Hsp
peuvent étre considérées comme des cibles thérapeutiques anticancéreuses accessibles. Il reste
cependant a affiner les études sur les mécanismes moléculaires de cytoprotection des Hsp, a
découvrir des inhibiteurs de Hsp27 et 70 et a progresser au niveau de 1’étude des inhibiteurs de
Hsp90 déja existants.

Il apparait aussi que les Hsp, comme toutes les protéines anti-apoptotiques, peuvent étre
utilisées dans le pronostic cancéreux. Des prédictions de radio et de chimiorésistance pourraient
étre envisagées en testant le niveau d’expression des protéines de survie, ce qui donnerait lieu a

une thérapie personnalisée pour chaque patient et chaque type de cancer.
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PROJETS DEVELOPPES

Au cours de mes travaux de thése, j’ai tenté d’analyser les effets du ciblage de Hsp27
comme thérapie anticancéreuse. En effet, cette protéine appartient a la famille des protéines anti-
apoptotiques et inhibe la mort cellulaire. Elle est surexprimée dans de trés nombreux types
tumoraux et forme une cible thérapeutique majeure. Au laboratoire, nous avons caractérisé les

effets du ciblage de Hsp27 par deux stratégies distinctes.

D’une part, nous avons identifié, isolé et caractérisé¢ des aptameres peptidiques, peptides
stabilisés capables d’inhiber les fonctions d’une protéine cible par compétition d’interaction. Ces
aptameres permettent d’inhiber les activités tumorigénes de Hsp27, a la fois dans des lignées
cellulaires mais aussi dans des xénogreffes réalisées chez la souris Nude.

La stratégie des aptameres permet d’isoler une structure peptidique de base capable de se
lier et d’inhiber une cible de maniére spécifique. Le but est de modéliser cette structure et de
réaliser un crible informatique de « drug design » afin d’isoler des structures chimiques proches de
celle du peptide précédemment caractérisé. Des études commencent a étre réalisées avec les
aptameres comme outil moléculaire de ciblage. Ainsi, une étude a permis de cibler par des

aptameres certains mutants de p5S3 mais pas la protéine sauvage et de modéliser ces structures

(Guida et al., 2008).

D’autre part, nous avons analysé les effets de la déplétion de Hsp27 dans plusieurs lignées
cancéreuses. La diminution constitutive du taux de Hsp27 dans des lignées cancéreuses permet de
ralentir la prolifération cellulaire. Nous avons également caractérisé ’effet de la déplétion de
Hsp27 sur I’établissement de métastases spécifiques de 1’0os. Ainsi, nous avons pu mettre en
évidence que cette stratégie anti-sens permettait d’inhiber la formation de métastases apres
injection de lignées directement dans le sang des animaux. Parallelement a cette étude nous avons
réalisé des xénogreffes directement dans le tibia des animaux pour analyser la croissance de
tumeurs dans les mémes conditions de facteurs de croissances. Il apparait d’une méme maniere
que la baisse du taux de Hsp27 entraine une inhibition de la croissance tumorale. Ces résultats
sont & mettre en corrélation avec les résultats que nous avons obtenus pour les tumeurs réalisées

dans I’étude de caractérisation des aptameres ou I’interférence ARN formait un contrdle positif.

Enfin, nous avons pu montrer que la déplétion de Hsp27 de maniére stable dans des lignées

cancéreuses induit la dégradation de protéines clefs importantes dans différents mécanismes
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cellulaires. Ces protéines sont la caspase 3, le facteur de transcription STAT2 et I’histone
deacétylase HDAC6. Hsp27 par son activité chaperon permettrait leur stabilisation et augmenterait
leur demi-vie de maniére tres significative. Ce mécanisme moléculaire n’avait été jusqu’alors mis

en évidence que pour Hsp90.
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MATERIEL ET METHODES
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MATERIEL ET METHODES

1. Double hybride de levures

Afin de visualiser les interactions existant entre Hsp27 et ses interacteurs (les PA ou les
formes mutantes de Hsp27) nous avons utilisé la technique du double hybride de levures (Fields et
Song, 1989). Les souches de levures sélectionnées posseédent un génome haploide de type a /a. La
mise en présence des deux souches (= mating type), permet de réaliser leur conjugaison, et les
deux protéines appat/proie sont produites dans ces conjugants. L’expression concomitante des
deux protéines dans les levures, va permettre de tester leur interaction. Ainsi, lors d’une
interaction appat/proie, la reconstitution du transactivateur transcriptionnel LexA/B42 va induire

I’activation de 1I’expression du géne rapporteur codant la 3-galactosidase (Fields et Song, 1989).

1.1. Vecteurs de double hybride utilisés

Les vecteurs utilisés sont pEG202 (= vecteur appat) et pJG4-5 (= vecteur proie). Ces
vecteurs pEG202 et pJG4-5 possedent respectivement le géne codant une enzyme participant a la
synthése de I’Histidine et du Tryptophane. Un autre vecteur pJK103, contient la séquence codant
le rapporteur Lac Z sous controle de I’opérateur LexA, sensible au transactivateur LexA/B42. Par
ailleurs, ce vecteur contient le gene permettant la synthése de 1’Uracile. Les vecteurs sont
amplifiés apres transformation de bactéries DH5a (Invitrogen). Le plasmide est extrait et purifié a

I’aide d’un kit midi-prep (Genelute plasmid midi-prep kit, Sigma).Transformation et conjugaison

1.2. Transformation et conjugaison

Cette étape consiste a introduire les vecteurs d’expression dans les levures. Les levures des
souches d’intéréts sont préalablement culottées (5000rpm, 1min). Ce culot est repris dans Iml de
TE 1X pH 7.5 stérile. Apres centrifugation, le culot est repris dans 250 uL d’une solution
d’acétate de lithium a 100 mM, TE1X. 1ug de chaque plasmide et 10ug d’ADN dénaturé de
sperme de saumon sont ajoutés a la suspension. Enfin, 600 uL d’une solution LiAc/40% PEG sont
additionnés a la suspension avant incubation de 30 min a 30°C.

Apres addition de 70 pL de DMSO, un choc thermique de 7 min est réalisé a 42°C. Les
levures sont ensuite lavées puis étalées sur milieu sélectif. Les transformants sont sélectionnés sur

des milieux dépourvus de 1’acide aminé dont le vecteur incorporé dirige la synthese.
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1.3. Milieux utilisés et tests d’auto-activation de I’appat

Toutes les souches de levures utilisées présentent un génome défectif pour les génes trpl,
his3, et ura3. Par ailleurs, les geénes leu2 et ade? sont placés dans le génome sous contrdle de
I’opérateur LexA. Leur expression est donc conditionnée par la reconstitution du transactivateur
transcriptionnel.

Les souches 226a et 210a sont utilisées pour le crible de la banque. Une conjugaison de
souches a et a est effectuée en testant a chaque fois I’interaction entre un vecteur appat pEG202 et
un vecteur proie pJG45. La souche 226a a préalablement été transformée avec le vecteur pJK103
contenant le gene codant le rapporteur LacZ, sous contréle de 1’opérateur LexA. La conjugaison
est réalisée sur milieu riche YAPD. Les conjugants sont répliqués a 1’aide de velours stériles sur
trois milieux sélectifs différents. Seules vont se développer les levures possédant chacun des trois
plasmides.

Les milieux de sélection utilisés sont nommés :- SD-U-H-W ; le sucre est le dextrose ; le
milieu est dépourvu en Histidine, Uracile et Tryptophane.

- SD-U-H-W+X-Gal ; le sucre est le dextrose; le milieu est dépourvu en Uracile,
Histidine, Tryptophane supplémenté en X-Gal.

- G/R —U-H-W +X-Gal ; les sucres sont le galactose et le raffinose, le milieu est dépourvu
en Uracile, Histidine et Tryptophane supplémenté en X-Gal.

Les résultats d’interactions sont analysés sur le milieu G/R-U-H-W+X-Gal, en effet la
synthese de la fusion B42-proie est sous contrdle du promoteur minimal Gal. Le milieu SD-U-H-
W+X-Gal sert de témoin négatif car seule 1’interaction entre ’appat et la proie induit la synthése

de B-Galactosidase. Le milieu SD-U-H-W sert de contrdle positif de croissance.

Les tests d'autoactivation de l'appat, de pénétrance du phénotype et de détermination du
bruit de fond ont également été réalisés. Cette premiere étude a permis de mettre au point le
systeme double hybride de criblage des banques d’aptameres c'est-a-dire de choisir les souches de

levures et les génes rapporteurs a utiliser pour optimiser le crible avec 'appat Hsp27.

1.4. Crible de la banque

Une suspension de levure de souche MB226a, préalablement transformée avec le vecteur

rapporteur pJK103 et le vecteur appat pEG202-Hsp27, est mise en culture sur la nuit. Les levures

de la souche MB210a constituant les deux banques d’aptameres, sont synchronisées en phase G1
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aprés décongélation. La conjugaison s’effectue sur la nuit et les colonies sont étalées sur milieu
sélectif GR-UHW+XGal. Les clones se développant et exprimant la P-galactosidase sont ainsi
isolés et repiqués.

Les plasmides codant les aptaméres sont extraits par lyse des levures et extraction Phenol-
culot est séché puis repris dans 40ul de TE (10mM Tris; 1mM EDTA). Les plasmides sont

amplifiés grace a la transformation de bactéries MH3 préalablement rendues compétentes.

1.5. Clonage des formes mutantes de Hsp27

Les séquences d’intérét sont amplifiées par réaction de « Polymerase Chain Reaction »
(PCR) pour les différents clonages réalisés. Une ADN polymérase possédant une activité proof-
reading (pfx Invitrogen) ainsi que des amorces spécifiques d’Hsp27 contenant un site de
restriction pour les enzymes Xhol ou EcoRI en leur extrémité 5°, sont utilisées pour cette
amplification. Ces sites de restriction permettent le clonage de la région amplifiée dans les
différents vecteurs appats et proies. Une fraction aliquoté du produit d’amplification est déposée

sur gel d’agarose 1.2% pour vérifier que I’amplification a bien été réalisée.

Un gradient de température de 0.5°C pour les 10 premiers cycles est réalisé¢ lors de
I’amplification des fragments. 30 cycles, comprenant chacun : une dénaturation de 30 secondes a
94°C, une phase d’¢élongation de 1 minute a 55°C et une phase d’hybridation a 68°C pendant 1
minute, sont réalisés.

Le produit d’amplification PCR est purifié (PCR extraction Kit, QIAGen), puis digéré par
les enzymes de restriction EcoRI et Xhol. Apres digestion, I’insert est purifié sur gel d’agarose
1,2% et extrait de 1’agarose (QIAquick Gel Extraction Kit, QIAGen). Enfin, I’insert est li¢ aux

différents vecteurs utilisés. Ces derniers sont ensuite séquencés (Genome Express, Meylan).
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2. Culture cellulaire

2.1. Milieux de culture et lignées cellulaires

Les cellules utilisées sont des fibroblastes de cancer du col de 1’utérus de type HeLa, des
cellules SQ20B de carcinome téte et cou (head and neck cancer), des cellules BO2 issues de la
lignée métastatique de tumeur mammaire MDA-MB231 et des cellules de carcinome de sein
MCEF-7. Les cellules sont cultivées, a 37°C sous 5% de COz2, dans un milieu Dulbeco’s Modified
Eagle Medium (DMEM, Gibco), contenant 10% de sérum de veau feetal (SVF), 0,05%

d’antibiotique (pénicilline, streptomycine) et 0,04% d’anti-fongique (fungizone).

2.2. Transfections transitoires

Les cellules HeLa sont ensemencées a raison de 1,5x10° cellules par boites de culture de
100mm de diametre. Chaque transfection est réalisée par addition sur les cellules de 7ug de
vecteur ADN et de 50ul de Lipofectamine (Invitrogen) selon le protocole du fabriquant, en
présence de milieu sans sérum pendant 3 heures (Optimem Gibco). Les différents tests sont

effectués 48 heures apres transfection.

2.3. Lignées stables

Les lignées stables ont été obtenues apres transfection des vecteurs pSUPER-Neo-Sh27,
pSUPER-Ms-Sh27, pSUPER-Neo-Sc27, par isolement clonale a raison de 3 clones indépendants

par lignée (cf. mat et met 4.2.)

3. Analyse de la mort cellulaire

3.1. Détermination de la mort cellulaire par coloration au cristal violet

Les cellules transfectées par les différents aptaméres sont ensemencées 24h apres
transfection, en plaque 96 puits a raison de 7,5x10" cellules/puits. Les cellules sont traitées par la
staurosporine, un inhibiteur de kinases (Sigma), ajoutée au milieu de culture pendant 12 heures.

Le milieu est €liminé ainsi que les cellules mortes non adhérentes par simple retournement

de la plaque de culture. Les cellules adhérentes sont colorées par 30ul d’une solution de cristal
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violet 5%, méthanol 20%. Les densités optiques sont lues en plaques (appareil Victor™,

PerkinElmer) apres dissolution par une solution de citrate de sodium 5%, méthanol 50%, pH 4,2.

3.2. Cytométrie en flux

Les cellules HeLa sont préalablement traitées, 48h apres transfection, par différentes
concentrations de staurosporine pendant 6 heures. Les cellules sont récoltées par trypsination et
centrifugation. Apres lavage au PBS, les cellules sont reprises dans 200ul de tampon contenant
I’Annexin-V couplé au FITC (AbC306FI, AbCys) et incubées 10 minutes a 1’obscurité. Apres
centrifugation, les cellules sont reprises dans 400u1 de tampon contenant 1’iodure de propidium.
Les mesures d’incorporation, de I’iodure de propidium et de I’Annexin-V, sont effectuées au

cytometre de flux avec les filtres FL1 et FL3.

3.3. Activation des caspases exécutrices 3 et 7

Les cellules sont ensemencées, 24h apres transfection, en plaques 96 puits a raison de
1x10° cellules/puits. Les cellules sont traitées, pendant 4h, par différentes concentrations de
staurosporine. Le milieu est éliminé par retournement de la plaque de culture. Les cellules sont
ensuite incubées pendant 30min, en présence de 10ul/puits de tampon caspases Glo 3/7 assay
(Promega). L’activation des caspases effectrices 3 et 7 est révélée par émission luminescente a
485nm.

Une coloration par le cristal violet est réalisée en parallele, dans les mémes conditions de

traitement, pour uniformiser les quantités de cellules déposées entre les échantillons.

3.4. Mort clonogénique

La mort clonogénique apres irradiation est déterminée apres des irradiations comprises
entre 0.5 et 8 Gy. Les cellules sont remises a incuber durant un temps correspondant a 6 divisions
cellulaires, ce qui forme des colonies théoriques de 64 cellules. Aprés un lavage au PBS, les
cellules sont colorées au Giemsa, 30 min. Les valeurs expérimentales permettent de définir une
courbe a partir de I’équation mathématique ou (SF=exp [-a X D — 3 x D?].

SF représente la fraction survivante et D représente la dose d’irradiation administrée. Cette
courbe permet de définir la fraction de survie a 2 Gy ou SF2, qui est considérée comme un index

de radio sensibilité.
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3.5. Immunohistochimie

3.5.1. TUNEL

La fragmentation de I’ADN pour les coupes tumorales paraffinées est analysée par la
technique TUNEL (TdT-mediated dUTP Nick End Labelling) avec le kit Dead End Fluorimetric
TUNEL System, selon le protocole du fabriquant (Promega, France). Aprés traitement au xyleme
et réhydratation dans un gradient alcoolique, les coupes sont fixées au PFA 4%. Les cellules sont
perméabilisées avec une solution de protéinase K (20pg/ml) et incubées en atmosphere humide et
absence de lumicre, en présence d’une solution de dUTP-isothiocyanate de fluorescéine (FITC) et
de terminale transférase 1h, 37°C. La réaction est arrétée par ajout du tampon SSC 2X. Les lames
sont montées en VECTASHILED™ aprés ringage au PBS, puis examinées au microscope a

fluorescence.

3.5.2. Prolifération, Ki67.

Les coupes paraffinées sont traitées au xyleme et un démasquage antigénique est effectué
dans une solution tampon a 0.1 mol/L EDTA pH7.4; 95°C, 10min. L’activité peroxydase
endogene est bloquée par traitement a I’eau oxygénée H202, 0.3%. Apres lavage au PBS, les lames
sont incubées dans une solution d’anticorps monoclonal de souris anti-Ki67 (Clone MIB-1,
DAKO). L’anticorps secondaire est un Ig de chévre couplé a la peroxydase de Rainford
(1/100°™). Aprés lavage au PBS, la révélation de la peroxydase est effectuée par ajout d’une
solution de 3.3’-diaminobenzidine (Sigma, France), suivie d’une contre coloration a
I’hematoxyline. Les lames sont montées en VECTASHILED™. L’index de prolifération est
déterminé par le pourcentage de cellules positives pour le marqueur Ki67 par rapport au nombre

total de cellules dans 20 champs aléatoires.

4. Biologie moléculaire

4.1. Western Blot

Les protéines sont séparées par électrophorése sur gel d’acrylamide-bis acrylamide. Apres

migration les protéines sont transférées sur membrane de nitrocellulose (Schleicher & Schuell) sur
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Actine Mouse Chemicon MABISIIR
Akt-1 Mouse Santa CruzSc-5298
P-Akt (serd73) Rabbit Santa Cruz Sc-7985-R
Bax (N-20) Rabbit Santa Cruz Sc-493
Bel-2 Mouse Santa Cruz Sc-509
Bel-x1 (H-5) Mouse Santa Cruz Sc-8392
Caspase-3 Mouse Alexis ALX-804-305
Cyclin-D1 Mouse Santa Cruz Sc-246
Cyclin-D3 sl Santa Cruz Sc-6283
HA-tag D Santa Cruz Sc-7392
HDAC-6 (H-300) Mouse Santa Cruz Sc-11420
Hsp27 Mouse Stressgen SPA-800
Hsp70 Mouse Stressgen SPA-820
Mel-1 Mouse Santa Cruz Sc-12756
Myc-tag Rabbit Sigma C 3956
27 (M-197) Rabbit Santa Cruz Sc-776
Stat-2 (C-20) Rabbit Santa Cruz Sc-476
Survivin (D-8) Mouse Santa Cruz Sc-17779
Thioredoxine Rabbit Santa Cruz Sc-801
Alpha-tubuline Rabbit Cell Signaling #2144

Table 5 : Récapitulatif des anticorps utilisés lors des différentes études.

la nuit a 25V, dans une solution de Tris-Glycine 0,5X —Ethanol 20%. Une étape de saturation
dans du T-TBS (20mM Tris ; 0,137 mM ; pH 7,6) Tween 0,1%, Lait Ecrémé 5%, est suivie d’une
incubation avec un anticorps primaire (Table 6). Apres trois ringages au T-TBS les membranes
sont incubées avec un anticorps secondaire couplé a la peroxydase. La révélation est réalisée par
addition du substrat de I’enzyme (systéme de chimioluminescence ECL, Amersham) et exposition

sur film (Kodak).
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S'ACCGCTGCAAAATCCGATGAGACTTCCTG

ShRNA27 Oligo A TCATCTCATCGGATTTTGCAGCTTTTTC 3°
5" TGCA GAAAAA GCTGCAAAATCCGATGAGA
Oligo B TGACAGGAAG TCTCATCGGATTTTGCAGC 37

: 5' ACCGACCAATGATGGTGTGGTG CTTCCTGTCA
LR HEeE CACCACACCATCATTGGTC TTTTTC 3'

Oligo B 5" TGCA GAAAAA GACCAATGATGGTGTGGTG
80 TGACAGGAAG CACCACACCATCATTGGTC 37

ScRNA27 Oligo A 5"ACC GAGTGCTGACGAGTGCGAG CTTCCTGTCA
o g CTCGCACTCGTCAGCACTCTTTTTC 3°

5" TGCA GAAAAA GAGTGCTGACGAGTGCGAG

Oligo B 2 Do 2 g % :
8 TGACAGGAAG CTCGCACTCGTCAGCACTC 3
i 5 ACC GTTCCCCGCTCTATCCCCAAT CTTCCTGTCA
ShHDAC6 & ATTGGGGATAGAGCGGGGAAC TTTTTC 3'
- 5 TGCA GAAAAA GTTCCCCGCTCTATCCCCAAT
& TGACAGGAAGATTGGGGATAGAGCGGGGAAC 3’
—_ 5+ ACC GTCACCCGCTCTATACCAAAT CTTCCTGTCA
MsHDAC6 20 ATTTGGTATAGAGCGGGTAGC TTTTTC 3
i 5" TGCA GAAAAA GTCACCCGCTCTATACCAAAT
& TGACAGGAAGATTTGGTATAGAGCGGGTAGC 3
5*ACC CTCTCCCGCTATTTCCGCTTA CTTCCTGTCA
LD OHgeE TAAGCGGAAATAGCGGGAGAG TTTTTC 3'
) 5 TGCA GAAAAA CTCTCCCGCTATTTCCGCTTA
Oligo B

TGACAGGAAG TAAGCGGAAATAGCGGGAGAG ¥

Table 6 : Séquences des brins matrices nécessaires a la construction des shARN.

4.2. Constructions de ShARN

Les vecteurs utilisés pour construire les ShARN sont les vecteurs pSuper-Neo et pSh-puro.
Deux oligonucléotides synthétiques sont hybridés et clonés dans les différents vecteurs (Table6).
Les constructions stables sont obtenues par isolement clonal a raison de trois clones par boite de
culture cellulaire pour chaque transfection réalisée. Les lignées sont maintenues en présence de
puromycine (12pg/ml pour B02) et de Neomycine (10pg/ml pour les cellules HelLa ; 12 pg/ml
pour MCF-7 et SQ20B).

4.3. Immunofluorescences

Les cellules sont transfectées et incubées sur lamelles de verre. Apres 3 ringages au PBS

froid, les cellules sont fixées au PFA 4% ; 15 min, puis perméabilisées au Triton X-100, 0.1%.
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Apres lavage, les lamelles sont incubées dans la solution contenant 1’anticorps primaire dans du
PBS X, 2% BSA ; RT. Les cellules sont lavées 3 fois Smin au PBS, puis incubées dans la solution
d’anticorps secondaires en absence de lumic¢re. Le montage lames/lamelles est réalisé en Mowiol

(Sigma).
4.4. Chromatographie d’exclusion-diffusion

Les cellules (3X107) sont lavées au PBS 1x froid puis grattées. Aprés centrifugation, le
culot est repris dans 1ml de tampon TEM froid (20mM Tris-HCI pH 7,4 ; 20mM NaCl ; 5SmM
MgCl12 ; 0,imM EDTA) + 0,1% de Triton X100. Apres incubation dans la glace pendant 15min,
les cellules sont lysées a 1’aide d’un Potter puis centrifugées a 4°C pendant 10min a 14 000rpm.
Le surnageant est déposé sur une colonne de Sépharose CL-6B (Icm x 100cm) (Pharmacia)
équilibrée avec du tampon TEM. L’efflux est récolté a I’aide d’un collecteur en différentes
fractions contenant des protéines et des complexes protéiques de poids moléculaire décroissant.
L’analyse se fait par Western-blot apres la précipitation des protéines et ajout de tampon
d’échantillon 2x (62,5mM Tris-HCI pH 6,8 ; 1% SDS ; 0,1M dithiotreitol ; 10% glycérol et 0,01%
bleu de bromophénol). Les colonnes sont calibrées en utilisant des marqueurs de poids
moléculaire : Bleu Dextran (> 2 000kDa), thyroglobuline (660kDa), apoferritine (443kDa), a.-
amylase (200kDa), albumine (66kDa) et anhydrase carbonique (29kDa).

4.5. Co-immunoprécipitation
4.5.1. Sur fractions de colonne

Les échantillons protéiques issus des fractions de colonne enrichies en protéines d’intérét
sont mélangés avec 1’ Anticorps Goat Polyclonal anti Hsp27 (Santa-Cruz Biotechnology, INC) et
incubés 4h sur une roue tournante a 4°C. Des billes de Protéine-G couplée a 1’Agarose
(Invitrogen) équilibrées dans du tampon TEM sont ensuite ajoutées aux échantillons qui sont
ensuite replacés sur la roue. Apres 4h d’incubation, les échantillons sont rincés plusieurs fois dans
du tampon TEM puis repris avec du tampon d’échantillon 2x et bouillis pendant Sminutes. Le
surnageant est récupéré et le culot est repris dans 50ul d’eau, vortexé puis centrifugé. Le
surnageant est ajouté au précédent. Les surnageants récupérés sont ensuite déposés sur gel de

polyacrylamide pour une analyse par Western-blot.
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4.5.2. Sur lysat cellulaire

Les cellules sont rincées par du PBS 1x froid puis grattées sur la glace dans Iml de tampon
de lyse froid (50mM Hepes pH 7,5, 150mM NaCl, 0,1% Tween 20, ImM EDTA, 2,5mM EGTA,
10% glycérol, ImM DTT, 0,lmM PMSF, 10ug/ml d’inhibiteurs de protéases Chymostatin
(Sigma), Antipain (FLUKA-BioChemica), Pepstatin (Sigma), Leupeptin (Sigma). Les cellules
sont incubées dans la glace pendant 30min et vortexées a intervalles réguliers puis subissent 3
cycles de congélation dans 1’azote — décongélation dans un bain marie a 37°C. Apres
centrifugation a 4°C pendant 20min, le surnageant est séparé en 2 fractions : la fraction "Total", a
laquelle on ajoute un volume équivalent de tampon d’échantillon 2x, et la fraction immune dans
laquelle SuLL d’anticorps anti-Hsp27 (Goat Polyclonal, Santa Cruz Biotechnology, INC) ont été
ajoutés. Apres 3h d’agitation sur une roue placée a 4°C, la fraction immune est ajoutée a 100uL de
Protéines-G couplées a I’Agarose (Invitrogen) lavées dans du binding buffer (0,01M sodium
phosphate pH 7,0, 0,15M NaCl) puis du tampon de lyse. Le mélange est placé sur une roue
tournante a 4°C pendant 3h. Aprés 3 lavages sur la glace dans du tampon de lyse froid, les
protéines liées sont éluées comme précédemment décrit. Le culot obtenu apres la lyse cellulaire est
repris dans 1ml de PBS 1x et 100ul sont prélevés et ajoutés a 100ul de tampon d’échantillon puis
bouillis Smin. Les échantillons sont ensuite déposés sur un gel de polyacrylamide et analysés par

Western-blot.

5. Analyses in vivo :

5.1. Xénogreffes
5.1.1. Etude aptameres

Pour I’étude concernant les aptaméres peptidiques les xénogreffes sont réalisées par
injection sous cutanée a raison de 3% 10° de cellules SQ20B. Deux lignées par souris sont injectées
sur la face interne de la patte de souris NUDE athymiques femelles de 4 semaines (SWISS-
Foxnl™, Charles river, France). Les anesthésies ont lieu au moment de la greffe par injection

intra-péritonéale de kétamine (Ketalar, 80 pg/g, Merial) et xylazine (Rompun, 80 ug/g, Bayer).
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5.1.2. Tumeurs osseuses et métastases

Pour étudier la formation de métastases, des cellules B02 (5><105 cellules dans 100uL de
PBS) sont injectées dans la veine caudale de souris Nude anesthésiées. La croissance tumorale est
analysée par injection directe dans la moelle osseuse du tibia droit de chaque souris. La
dissémination et le développement tumoral sont visualisés par bioluminescence. L'ostéolyse est
analysée par radiographie (films MIN-R2000, Kodak) avec un appareil a rayon-X (MX- 20,
Faxitron X-Ray Corporation). La quantification des surfaces de lyse sur radiographies a été

réalisée avec une station d'analyse d'image (Visiolab 2000, Biocom).
5.2. Luminométrie

La masse tumorale des animaux métastatiques est mesurée par des techniques d'imagerie
non invasive. La fluorescence et la bioluminescence €mises par les cellules tumorales sont
mesurées sur des appareils d'analyse d'images (FluorImager, Molecular Dynamics et NightOwl B
983 NC100 ; Berthold). Le développement métastatique ainsi que la croissance tumorale sont
analysés chaque semaine du protocole. Les surfaces tumorales sont évaluées a 1’aide de logiciels

pour chaque mesure effectuée (Berthold).
5.3. Radiographie

L'ostéolyse induite par les cellules tumorales est mesurée par radiographie avec un appareil
a rayon-X (MX-20, Faxitron X-Ray Corporation). La quantification des plages de lyse osseuse sur
les radiographies est réalisée avec une station d’analyse d’image (ExploraNova Morpho). Les
résultats ont été¢ analysés avec le logiciel Statview v5.0. Les résultats sont exprimés comme la
moyenne = SD (Standard Deviation) et les différences sont considérées comme statistiquement

significatives dés lors que la valeur de p est inférieure a 0,05.
5.4. Coupes d’organes
A la fin des protocoles expérimentaux, les pattes arrieres des souris métastatiques et non

métastatiques sont prélevées, fixées dans une solution de paraformaldéhyde (4% p/v) puis inclues

dans une résine plastique de métacrylate de méthyle. Ensuite des coupes de 7um d’épaisseur sont
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réalisées a 1’aide d’un microtome HM350S (microm), colorées au trichrome de Goldner et enfin
montées sur lamelles.

Les lamelles sont analysées en utilisant une station d’analyse d’image (ExploraNova
Bone). La destruction osseuse (BV/TV) est calculée selon le rapport entre le volume osseux
trabeculaire et cortical (bone volume ou BV) et le volume tissulaire total (tissu volume ou TV). Le
volume métastatique osseux (Tumor burden ou TB) est mesuré par rapport au volume total de

tissu mou (Soft tissu volume ou STV).
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PUBLICATION 1 - Hsp27 (HspB1) and alphaB-crystallin (HspB5)

as therapeutic targets

FEBS Lett. 2007 Jul 31;581(19):3665-74.

Dans cette courte revue, nous envisageons les deux petites protéines de stress Hsp27 et aB-
cristallin, en tant que cibles thérapeutiques dans les pathologies cancéreuses. Ces deux petites
protéines de stress sont souvent surexprimées dans de nombreux types tumoraux (Ciocca et
Calderwood, 2005). Elles interviennent dans de nombreux mécanismes moléculaires et protegent
contre la mort cellulaire et en particulier lors de 1’apoptose. Ces activités anti-apoptotiques
participeraient a la survie des cellules cancéreuses et a leur échappement vis a vis de 1’organisme
et du systéme immunitaire. Les mécanismes moléculaires de protection contre la mort cellulaire
sont dépendants de la dynamique structurale de Hsp27 et de 1I’aB-cristallin.

Bien que majoritairement étudiées dans le développement tumoral, ces protéines possédent
aussi des implications dans d’autres pathologies ou la mort cellulaire joue un réle central comme

I’asthme, les myopathies ainsi que les maladies neuro-dégénératives.
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Abstract Hsp27 and aB-crystallin are molecular chaperones
that are constitutively expressed in several mammalian cells, par-
ticularly in pathological conditions. These proteins share func-
tions as diverse as protection against toxicity mediated by
aberrantly folded proteins or oxidative-inflammation conditions.
In addition, these proteins share anti-apoptotic properties and
are tumorigenic when expressed in cancer cells. This review sum-
marizes the current knowledge about Hsp27 and aB-crystallin
and the implications, either positive or deleterious, of these pro-
teins in pathologies such as neurodegenerative diseases, myopa-
thies, asthma, cataracts and cancers. Approaches towards
therapeutic strategies aimed at modulating the expression and/
or the activities of Hsp27 and aB-crystallin are presented.

© 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Hsp27; aB-crystallin; Neurodegenerative diseases;
Myopathies; Cancers

1. Hsp27 and aB-crystallin: old and new

Heat shock proteins (Hsps) or stress proteins have in com-
mon a stimulated synthesis in response to heat shock or when
the environment of a cell becomes deleterious and alters pro-
tein folding. In cells exposed to heat shock, Hsps act as molec-
ular chaperones that counteract the formation of aberrantly
folded polypeptides and allow their correct refolding during
stress recovery. In addition of being expressed in stressed cells,
some Hsps show a basal level of constitutive expression and
act as in-house chaperone towards several fundamental cellu-
lar processes, such as protein intracellular transport, cytoskel-
etal architecture, mutations masking, translation regulation,
intracellular redox homeostasis or protection against sponta-
neous or stimulated programmed cell death.

Mammalian Hsp27 (HspB1) and aB-crystallin (HspB5) be-
long to the family of small heat shock proteins (sHsps). In hu-
man, 10 different sHsps have been characterized but only few
of them, as Hsp27, Hsp22 and aB-crystallin, are true heat
shock proteins that display an enhanced synthesis in response

“Corresponding author. Fax: +33 4 72432685.
E-mail address: arrigo@univ-lyonl.fr (A.-P. Arrigo).

to stress. Up until now, the more studied sHsps have been
mammalian Hsp27 and aB-crystallin. sHsps are characterized
by low molecular masses (12-43 kDa) and a conserved C-ter-
minal domain (the a-crystallin domain, see Fig. 1). sHsps also
contain a WDPF domain in their N-terminal part and a non
conserved flexible domain which constitutes the C-terminal
part of the proteins. sHsps share the property to form globular
oligomeric structures that are characterized, in mammalian
cells, by molecular masses ranging from 50 to about 700-
800 kDa. The dynamic organization of sHsps oligomers ap-
pears to be a crucial factor which controls the activity of these
proteins. We still do not have a good knowledge of the struc-
tural organization of sHsps. This is mainly due to the heterog-
enous size and dynamic properties of sHsps oligomers and of
their ability to form hetero-complexes with other members of
the sHsps family. An intriguing property of some sHsps, such
as Hsp27 and aB-crystallin, concerns their ability to be phos-
phorylated and therefore under the control of several trans-
duction pathways. Indeed, both proteins show rapid
phosphorylation that modulates their activities in response to
a wide variety of stimuli [1,2]. Both proteins have phosphory-
lated serine sites in the N-terminal part of the polypeptides, in
the WDPF domain [2] and close to the a-crystallin domain.
Hsp27 is phosphorylated at serines 15, 78 and 82 by mito-
gen-activated protein kinases associated protein kinases
(MAPKAP kinases 2,3) which are themselves activated by
phosphorylation by MAP p38 protein kinase [3.4] (see
Fig. 1). As Hsp27, aB-crystallin is phosphorylated at three ser-
ine site corresponding to residues 19, 45 and 59. At least two
pathways are implicated in the aB-crystallin phosphorylation:
the MAPKAPK2 kinases are responsible of the phosphoryla-
tion of serine 59 while serine 45 appears under the control of
p42/p44 MAPKinase. The kinase responsible of the phosphor-
ylation of serine 19 is still not known. Hence, Hsp27 phosphor-
ylation can be modulated by signals as diverse as those
mediated by growth factors, differentiating agents, tumor
necrosis factor, oxidative stress or heat shock [5,6]. In the case
of a-crystallin, a recent study has shown that disorganization
of microfilaments or microtubules networks results in the acti-
vation of convergent pathways to MAPK p38 [1]. At least in
the case of Hsp27, phosphorylation was demonstrated to result
in a decrease size of the oligomers [7].

In addition of being overexpressed in stress conditions,
Hsp27 and aB-crystallin share the ability of having a tissue/cell

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Properties of human Hsp27 and aB-crystallin. (A) Organization of human Hsp27 and aB-crystallin protein sequences. Light box: conserved
region; black box: alpha crystallin domain; gray box: WDPF domain; A A A A A: flexible domain; P: phosphorylated serine residues. Amino acids
are indicated. Position 137 in Hsp27 sequence corresponds to the only cysteine residue in the protein sequence. Its deletion abolishes dimer formation
and knocks out Hsp27 protective activity. Positions of point mutations that are responsible of pathologies (see Table 2) are indicated by arrows.
464delCT: frame-shift mutant. The resulting mutant is modified from aa 155 and is truncated of 13 residues compared to wild type protein. 450delA:
frame-shift mutant. The resulting mutant is modified from aal60 to aal84. This protein is larger than wild type polypeptide (175aa). (B) Biochemical
properties of Hsp27. Stress favors the formation of large oligomers associated with unfolded polypeptides while phosphorylation does the reverse.
The system is therefore in equilibrium. The formation of small oligomers may be required to bind unfolded proteins that are then stored at the level of
the large oligomers. Phosphorylation may also favor the recycling of the large oligomers. Yellow circles indicate nonphosphorylated Hsp27 and red
circle phosphorylated Hsp27. Large non-phosphorylated oligomers of sHsp (>300 kDa) have greater potentiality to protect the cell through their
ability to display chaperone activity [6]. In contrast, small unphosphorylated oligomers of Hsp27 may act at the level of F-actin polymerization/

depolymerization [32].

specific expression in the absence of stress which can be de-
tected in the healthy adults as well as during the development
of the organisms. In mammals, aB-crystallin is a major poly-
peptide of the eye lens where it is associated with the closely
related aA-crystallin (HspB4) to form large hetero-oligomeric
structures. In mice and rats, aB-crystallin is also constitutively
expressed in tissues with high rates of oxidative metabolism,
including, the heart, type I and type Ila skeletal muscle fibers,
brain and oxidative regions of the kidney. Hsp27 tissue-specific
expression resembles that of aB-crystallin. However, different
levels of expression of these two proteins are often detected.
The significance of the constitutive expression of these Hsps
is probably linked to protection of the cells against stress or
to a specific function in a particular tissue. This review summa-
rizes the current knowledge about Hsp27 and oB-crystallin as
well as the significance of the overexpression of these polypep-
tides in several pathological situations. Collectively, these

observations lead to the conclusion that Hsp27 and aB-crystal-
lin are major targets for the development of future therapeutic
strategies against pathologies as diverse as neurodegenerative
diseases, myopathies, asthma, cataracts and cancers.

Analysis of Hsp27 and aB-crystallin oligomers has revealed
that these structures are in a dynamic equilibrium. It was then
shown that the high molecular weight oligomeric structures
formed by Hsp27 and aB-crystallin bear an ATP-independent
chaperone activity and that phosphorylation induces modifica-
tions in oligomer size and chaperone-like activity [8]. For
example, in heat shock treated cells which are prone to accu-
mulate misfolded proteins, the large unphosphorylated oligo-
mers of Hsp27 act as tanks that store misfolded polypeptides
until they are either processed for refolding by ATP-dependent
chaperones (i.e. Hsp70 and co-chaperones) [9] or degraded by
the proteasome [10]. Recent studies of o B-crystallin have re-
vealed that the B3 sequence of the a-crystallin domain (aa
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Table 1

3667

Multiple functions of aB-crystallin and/or Hsp27 and the corresponding interactions with (or functional modulation of) protein or peptide targets

Function(s) Targets

Lens transparency and protection
Heart protection Titin, Hsp20
Cytoskeletal architecture and protection F-actin

aA-crystallin and other crystallin proteins

Intermediate filament proteins (desmin, vimentin, GFAP, neurofilaments, filensin, phakinin, lamin)
Microtubules and microtubule-associated proteins

Apoptosis resistance
Ubiquitin—proteasome system

Cell cycle regulation

Redox homeostasis

Protein intracellular transport

Stress signalling pathway

Hormone signalling pathway
Unknown nuclear function(s)
Unknown cytosolic function(s)
Pathological-related misfolded proteins

Cyclin D1, p27kipl, P53
Glutathione, G6PDH

SMN, SC35

Pro-caspase 3, cytochrome ¢, Smac/Diablo, Akt, DAXX, STAT3, Bcl-xs, Bax, P53
Fbx4, C8/a7 subunit of 20S proteasome, eIF4F and eIF4G complex, ubiquitin

Microtubule, SMN, neurofilaments
P38 cascade, I Kappa B kinase
ERDb (Estrogen cascade), hGMEBI (glucocorticoid hormones cascade)

aB-crystallin, Hsp20, Hsp22, Hsp27
Desmin, GFAP, neurofilaments, ZASP, filamin C, myotiline, parkin, a-synuclein, prion protein,

tau, B-amyloid, huntingtin, serpin, SOD, P150 dynactin, aA-crystallin, aB-crystallin, Hsp20,

Hsp22, Hsp27

Virus NSS5A protein from Hepatitis C

Immune response
Unknown function in Sertoli cells
Golgi architecture

CD10, B2-microbulin
PASS 1
GM130

GFAP, glial fibrillary acidic protein; DAXX, death domain-associated protein 6; STAT3, signal transducer and activator of transcription 3; Fbx4, F-
box only protein 4; elF4F, eukaryotic translation initiation factor 4F; eIF4G, eukaryotic translation initiation factor 4G; G6PDH, glucose-6-
phosphate dehydrogenase; SMN, survival motor neuron protein; SOD, superoxide dismutase; ER, estrogen receptor; SC35, splicing factor;
hGMEBI, human glucocorticoid modulatory element-binding protein 1; NS5A, non-structural protein SA; ZASP, LIM domain-binding protein 3;
PASS 1, protein associated with small stress protein 1. GM130, golgi matrix-protein 130.

73-85) [11] may represent the interacting site with unfolded
polypetide targets and the p3-B8-B9 surface of the alpha crys-
tallin core domain may be an interface for complex assembly
and chaperone activity [12]. Moreover, the N- and C-termini
of human aB-crystallin appear important for the recognition,
selection, and solubility of substrate proteins [13]. Hsp27 and
aB-crystallin also share the ability to participate in the
so-called “protein triage” that occurs in cells recovering from
stress or committed to differentiate. Indeed, Hsp27 and
aB-crystallin modulate the ubiquitin—proteasome pathway
[14,15] (see Table 1) and are essential for proper disassem-
bly—assembly of protein complexes to prevent undesirable
interactions and aggregation [16,17]. In this respect, the lack
of Hsp27 expression during early differentiation induces aber-
rant cell differentiation [16] or massive apoptosis [18-20].
Moreover, tissue-specific hetero-oligomeric structures of sHsps
have been described [16] suggesting structurally independent
sHsps chaperone complexes with distinct molecular targets
[21]. Hence, these observations favor the hypothesis that
highly modulable sHsp structural networks exist in the cell
that rapidly react to cope with tissue-specific stress- or differen-
tiation-induced protein damages and/or protein complexes
reorganization.

An intriguing function of Hsp27 and aB-crystallin is the
ability to increase the resistance of cells to oxidative injuries
[22]. The phenomenon is not restricted to cell cultures and
has been observed in whole animals [23]. Hsp27 and aB-crys-
tallin expression correlates with decreased levels of reactive
oxygen species (ROS) and nitric oxide (NO") [6,24-26]. Conse-
quently, in cells exposed to oxidative challenges, sHsps expres-
sion reduces lipid peroxidation, protein oxidation and F-actin
architecture disruption [24-27]. These Hsps also uphold the
mitochondrial membrane potential (A¥m) level [24,28]; a phe-
nomenon which provides the stressed cells with abundant ATP
production that favors the activity of chaperones. The antiox-

idant activity of Hsp27 and aB-crystallin was found to depend
on reduced glutathione [25]. The phenomenon probably de-
pends on the upregulation of glucose-6-phosphate dehydroge-
nase (G6PDH) [23,24] (Table 1), the key enzyme that provides
the reducing power of the cell by reducing NADP+ in
NaDPH(H)+. In addition, recent results have shown that
Hsp27 [29,30] or aB-crystallin (our unpublished information)
expression decreases iron intracellular levels; a phenomenon
which subsequently interferes with the formation, through
iron-dependent Fenton reaction, of the potent macromolecules
oxidizing hydroxyl radical (OH®) [26]. As in the case of cells
exposed to heat shock, the active form of Hsp27 appears asso-
ciated with the large unphosphorylated oligomers of the pro-
tein [6,31].

Other functions have been assigned to Hsp27 and aB-crys-
tallin that depend on the structural organization of these poly-
peptides. One example is the control of F-actin cytoskeletal
integrity mediated by the small oligomers of Hsp27 [32,33].
This activity plays a crucial role in cells exposed to heat shock
or oxidative stress because of the well-known ability of these
stress to collapse F-actin cytoskeleton. Hsp27 was also found
to regulate neutrophil chemotaxis and exocitosis through actin
reorganization [34,35]. Moreover, a decrease in the level of
expression of Hsp27 impairs growth and cytoskeletal organiza-
tion [36]. These observations confirm that these polypeptides
are major regulators of actin polymerization-depolymerization
process. Moreover, Hsp27 and oB-crystallin also appear to
bind and stabilize microtubules [1,37-39]. Taken together with
the fact that aB-crystallin is a well known stabilizer of interme-
diate filaments [40,41], these observations enlighten the major
role played by these Hsps in cytoskeletal architecture homeo-
stasis.

Increased cellular resistance to several pro-apoptotic agents
or conditions is observed in cells expressing high loads of
Hsp27 [42-44]. On the opposite, inhibition of Hsp27 expression
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Fig. 2. Anti-apoptotic protective activity of constitutively expressed Hsp27 in HeLa cells. HeLa cells are human cancerous cells of the cervix that
constitutively express high levels of Hsp27. These cells were transiently transfected with DNA vectors encoding either mismatch RNA (a) or RNAi
Hsp27 sequences (b) (according to [104]). Two days after transfection, cells were either kept untreated or treated for 4 h with 0.2 pM of the kinase
inhibitor and apoptosis inducer staurosporine. Hsp27 immunoblots (A) and phase contrast pictures (B) are presented. Note the drastic increase in cell
death morphology induced by Hsp27 withdrawal. This leads to the conclusion that Hsp27 enhances the deleterious apoptotic resistance of these

cancer cells. Bar: 15 um.

sensitizes cells to apoptosis [45-48] (see Fig. 2). These phenom-
ena result of the interaction of Hsp27 with several crucial apop-
totic factors (see Table 1). For example, towards the intrinsic
apoptotic pathway, Hsp27 acts upstream of mitochondria to-
wards the signals that trigger the release of cytochrome ¢ [45]
or Smac/DIABLO [49] from mitochondria. In this respect,
the ability of Hsp27 to protect F-actin network integrity [45]
may play a crucial role. Hsp27 also acts down-stream of
mitochondria at the level of cytochrome ¢ and apoptosome
[50]. The third site of action of this protein is at the level of
pro-caspase 3 activation [51]. At the level of the Fas receptor
pathway, Hsp27 was described to negatively interfere through
an interaction with DAXX [52]. Hsp27 also binds and inhibits
cellular factors involved in oncogenic signaling pathways,
such as signal transducer and activator of transcription-3
(STATS3) [53]. This transcription factor is constitutively active
in most tumors and controls the expression of key genes
involved in cell transformation or apoptosis inhibition, such
as those encoding Bcl-xL and survivin. An other important
factor modulated by Hsp27 is Akt [54]. In vivo, Hsp27 anti-
apoptotic property has been demonstrated [55,56]. Moreover,
the transient expression of Hsp27 during cell differentiation is
also related to a protection against apoptosis [18,43,57]. Con-
cerning the structural organization of Hsp27 in cells exposed
to apoptotic stimuli, the major information available today is
that the large oligomers of Hsp27 inhibit in vitro caspase acti-
vation [58], hence suggesting a link with the chaperone activity
of the protein.

Concerning oB-crystallin, its overexpression confers pro-
tection against a large panel of apoptotic stimuli while its
silencing sensitizes cells to apoptosis [20,42,59,60]. Moreover,
aB-crystallin negatively regulates apoptosis during myogenic
differentiation [20]. Several steps in the apoptotic pathway
are modulated by aB-crystallin. This protein has been shown
to bind pro-apoptotic Bax, Bcl-xg and P53 polypeptides (see
Table 1) and to prevent their translocation to the mitochondria
[61,62]. Downstream of mitochondria, aB-crystallin counter-
acts the activation of pro-caspase-3. Interestingly, phosphory-

lation of oB-crystallin at the level of serine 59 appears
sufficient to provide maximal protection of cardiomyocytes
against apoptosis [63].

2. Protein conformation and inflammation related diseases

In vivo, Hsp27 and aB-crystallin are abundantly produced
in response to various types of stress in cardiac and skeletal
muscles as well as in the brain. This suggests that, in these or-
gans, these sHsps act as molecular chaperones suppressing the
aggregation of specific client polypeptides. For example, trans-
genic mice overexpressing Hsp27 are strongly protected
against myocardial infarction and cerebral ischemia [56,64].
Moreover, aB-crystallin and Hsp27 are often upregulated
and accumulate into inclusion bodies in many protein confor-
mation diseases. For instance, aB-crystallin and/or Hsp27
accumulate in Rosenthal fibers of Alexander disease, cortical
Lewy bodies, Alzheimer disease plaques, neurofibrillary tan-
gles as well as in synuclein deposit associated to Parkinson dis-
ease or myopathy-associated inclusion body [65]. The exact
reason for the frequent association of Hsp27 and/or aB-crys-
tallin with these structures is probably linked to the chaperone
activity of these sHsps. Indeed, molecular chaperones are
known to provide a first line of defence against misfolded,
aggregation-prone proteins probably because of their ability
to modulate the earliest aberrant protein interactions that trig-
ger pathogenic cascades. For example, it has been reported
that sHsps protect against alpha-synuclein [66], huntingtin
[26,67,68], amyloid and desmin mutants induced aggregation
and/or toxicity.

Other studies have reported that oB-crystallin is present in
reactive glia in Creutzfeldt-Jakob disease and a high preva-
lence of anti-alpha-crystallin antibodies has been described in
multiple sclerosis which correlates with severity and activity
of the disease. Upregulation of Hsp27 has also been observed
in a transgenic model of ALS. The importance of Hsp27 in
neuropathologies was further confirmed by the discovery of
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Table 2

Mutations in aB-crystallin and Hsp27 and the corresponding pathologies

sHsps Mutations Associated pathologies Ref.

aB-crystallin R120G Myofibrillar myopathy, cardiomyopathy, cataract (@))]
QI51X Myofibrillar myopathy 2)
464delCT Myofibrillar myopathy 2)
R157H Cardiomyopathy 3)
P20S Cataract 4)
D140N Cataract (5)
450delA Cataract (6)

Hsp27 RI27W Distal hereditary motor neuropathy 7)

Charcot-Marie-Tooth type 2F 9)

S135F Distal hereditary motor neuropathy Charcot-Marie-Tooth type 2F (7)
RI136W Charcot-Marie-Tooth type 2F 7)
TI1511 Distal hereditary motor neuropathy (7)
P182L Distal hereditary motor neuropathy (7)
P182S Distal hereditary motor neuropathy (10)

Refs: (1) [71]. (2) [72]. (3) [78]. (4) [77] (5) Berry, V. et al. (2001) Am. J. Hum. Genet. 69, 1141-5. (6) Liu, Y. et al. (2006) Invest. Ophthalmol. Vis. Sci.
47, 1069-1075. (7) Evgrafov, O.V. et al. (2004) Nat. Genet. 36, 602-606. (8) Tang, B. et al. (2005) Arch. Neurol. 62, 1201-1207. (9) Liu, X.M. et al.
(2005) Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 22, 510-513. (10) Kijima, K., Numakura, C., Goto, T., Takahashi, T., Otagiri, T., Umetsu, K. and

Hayasaka, K. (2005) J. Hum. Genet. 50, 473-476.

human mutations in the Hsp27 encoding gene in families
associated with inherited peripheral neuropathies [69] and ax-
onal Charcot-Marie-Tooth disease [70] (see Table 2). These
motor neuropathies are caused by premature axonal loss, neu-
ronal death and subsequent degeneration. Moreover, the
mutations are associated with a decreased ability of Hsp27
to promote neuronal survival compared to the wild type pro-
tein. Taken together, these studies suggest that, in animal mod-
els of human diseases, Hsp27 and aB-crystallin are potent
suppressors of neurodegeneration.

Other protein conformation diseases associated to Hsp27
and/or aB-crystallin expression are myopathies and alcoholic
liver diseases characterized by the presence of Mallory bodies.
Concerning the myopathies, recent studies have revealed the
importance of aB-crystallin towards desmin network (see Ta-
ble 2). Indeed, one major target of the chaperone activity asso-
ciated to aB-crystallin appears to be type III intermediate
filaments [40,41]. The discovery in 1998 of a missense mutation
in oB-crystallin gene, changing arginine 120 to glycine
(R120G), responsive of a myofibrillar myopathy associated
with cardiomyopathy and cataract [71], confirmed the impor-
tance of aB-crystallin in these diseases. Recently, two novel
mutations leading to myofibrillar myopathies (Q151X and
464delCT) have been identified in the terminal part of the
aB-crystallin coding sequence [72]. At the exception of the re-
port describing the identification of these new mutants, the
published studies on oB-crystallinopathies concern the
R120G mutant. It is now accepted that aB-crystallinopathies
result from the misfolding and progressive aggregation of
mutated aB-crystallin to which subsequently associate desmin
filaments to form aB-crystallin/desmin/amyloid positive aggre-
somes [73,74]. These aggregates can by themselves be toxic,
inhibiting the ubiquitin—proteasomal system of protein degra-
dation [75] and causing deficits in mitochondrial function [76].
aB-crystallinopathies are a special case of protein conforma-
tion disease in which the destabilizing mutations at the
origin of the disorder occurs in a molecular chaperone
which is itself potentially involved in the protein quality con-
trol of the cell. Three mutations in aB-crystallin gene (P20S,
464delCT and D140N) are also responsive for dominant

cataract [77] and two mutations (R157H and G154S) for
cardiomyopathy [78]. At the biochemical level, mutations in
aB-crystallin have been found to modify the properties of
aB-crystallin such as its oligomerization and in vitro chaper-
one-like activity [79] and to increase its affinity to desmin
[80]. Moreover, the ability of aB-crystallin to interact with
members of the apoptotic cascade, cytoskeletal polypeptides
or with the other sHsps may also be modified.

Hsp27 and aB-crystallin are also involved in inflammation
diseases. For example, these proteins interferes with TNFo
signaling pathway through their ability to protect against oxi-
dative stress [81] and through modulation of TAK-1 activity
[82]. An other example is given by the absence of colonic
inflammation seen in the majority of individuals infected with
the parasite Entamoeba histolytica which is related to the abil-
ity of Hsp27 to suppress NF-«kB activation through an inter-
action with IKK-a and IKK-f [83]. Moreover, recent reports
have shown that Hsp27 is needed for the activation by inter-
leukin (IL)-1 of TAKI and downstream signalling by p38
MAPK, JNK and their activators (MKK-3, -4, -6, -7) and
IKKp [82]. These observations suggest crucial roles of
Hsp27 and aB-crystallin in the control of inflammatory pro-
cesses. Among pathologies where the anti-oxidative potential
of Hsp27 is crucial, one can cite airway inflammation associ-
ated with asthma which is characterized by the damage of the
bronchial epithelium. In this respect, we have observed that
an increased Hsp27 expression in the epithelium of asthmatic
subjects generates a protection against the oxidative stress in-
duced by the chronic inflammatory state of this tissue (see
Fig. 3) [84].

3. Cancer

High levels of Hsp27 constitutive expression have been de-
tected in several cancer cells, particularly those of carcinoma
origin [85,86]. Recently, the number of reports dealing with
Hsp27 in cancer pathologies has grown exponentially. In addi-
tion to its presence in breast, ovary and colon cancers, Hsp27
has recently been detected in liver, kidney, lung (non-small
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Fig. 3. Beneficial protective effect of Hsp27 expression in bronchial epithelial cells from asthmatic patients. Hsp27 expression and TUNEL
immunoreactivity in bronchial epithelial cells of a normal (A) subject and an asthmatic (B-D) patient. Cells that express Hsp27 show a red
immunostaining as the result of the Hsp27 immunoreactivity. TUNEL-positive cells are characterized by a brown staining of the nuclei. (A) Area of
intact epithelium of a bronchial biopsy taken from a normal subject showing no immunoreactivity for Hsp27 and for TUNEL. (B) Area of damaged
epithelium of a bronchial biopsy taken from an asthmatic subject with desquamated epithelial cells which are not immunoreactive for Hsp27 but
show a positivity for the TUNEL technique. (C) Wide area of fragile epithelium not immunoreactive for Hsp27 showing a nuclear TUNEL staining
of many bronchial epithelial cells. (D) Area of intact epithelium showing a strong immunostaining for Hsp27, and a complete lack of nuclear staining
due to the TUNEL technique. These observations support the beneficial role of Hsp27 in asthma. Indeed, desquamative cells are apoptotic and
devoid of Hsp27 while cells that express Hsp27 are not apoptotic and do not desquamate. See [84] for further informations.

cells) and prostate cancers. Moreover, experimental ap-
proaches performed in rodents have enlightened the tumori-
genic potential of Hsp27 expression [87]. Hence, Hsp27 is
supposed to increase the ability of some cancer cells to resist
to and evade from the apoptotic processes mediated by the im-
mune system. The large oligomers which bear the chaperone-
like activity are also responsible for the tumorigenic activity
of Hsp27 [58]. Concerning this issue, it cannot be excluded that
Hsp27 large oligomers may act as Hsp90 and bind specific cli-
ent proteins that participate in the tumorigenic and metastatic
processes.

aB-Crystallin constitutive expression has been detected in
gliomas, prostate cancer, oral squamous cell carcinomas, renal
cell carcinomas, head and neck cancer. A normal high level of
aB-crystallin has also been detected in basal-like breast carci-
nomas and preinvasive ductal carcinoma that correlated with
poor clinical outcome of the patients. Recently, a pathological
role of aB-crystallin has again been reported in breast cancer
diseases, hence suggesting that this protein acts as an oncopro-
tein [88]. Neoplastic changes and invasive properties of breast
cells are inhibited by phosphorylation of aB-crystallin [89]. In-
deed, serine 59 phosphorylation reduces the oligomerization
and anti-apopototic activities of aB-crystallin [90,91]. It can
therefore be concluded that, as for Hsp27, the large oligomers
of aB-crystallin may contribute to the aggressive behavior of
cancer cells. However, the differential expression of aB-crystal-
lin and Hsp27 reported in anaplastic thyroid carcinomas and
in brain cancer suggests different involvement of these sHsps
in these pathologies [92,93].

The expression of Hsp27 and aB-crystallin is also associated
to other problems in cancer biology. First, high levels of Hsp27
are observed in metastatic tissues compared to non metastatic
tissues suggesting that this protein plays a key role in metasta-
sis formation [94]. aB-crystallin expression is correlated with
lymph node involvement in breast carcinomas resulting in a
shorter survival. Second, Hsp27 and aB-crystallin expression
is associated with cellular resistance to cytostatic anticancerous
drugs used in the clinic [95,96]. In addition, some of these
drugs, particularly cisplatin [97], vincristine and colchicine
[98] enhance Hsp27 and/or aB-crystallin expression. Collec-
tively, these phenomena impair the efficiency of the clinical
treatments using chemotherapeutic agents.

4. Hsp27 and aB-crystallin as therapeutic targets?

Hsp27 and aB-crystallin are potent protective factors of cells
in which the disease-causing proteins are prone to aggregate
and form large inclusions. In spite of the presence of Hsp27
and/or aB-crystallin, these diseases usually result in excessive
cell death (Fig. 4). One therapeutic option could be the
enhanced expression of the corresponding wild type protein.
Unfortunately, such an approach is not feasible nowadays.
Similarly, this approach can not be used to treat pathologies
caused by Hsps mutations. Another approach to the develop-
ment of therapeutic intervention for these diseases has been
to identify chemical compounds that reduce the size or number
of inclusions. However, recent results suggest that inclusion
formation may in fact be beneficial to the cell to get rid of the
mutated protein through autophagy [99]. However, inclusion
formation or aggregation of metal-binding proteins (such as
a-synuclein, Alzheimer B-amyloid peptide, PrP106-126 prion
or polyQ mutants of Huntingtin) is a risky process since it
can generate deleterious oxidative stress [67,100]. Hence, using
available cellular models, studies will have to be performed to
identify compounds that promote oxidative stress free inclusion
formation as a therapeutic approach for neurodegenerative dis-
eases caused by protein misfolding [101]. These studies will
have to test whether compounds (still to be discovered, such
as RNA/peptide aptamers or chemical chaperones, see below)
that modulate Hsp27 and/or aB-crystallin functions are active
towards the deleterious damages induced by these diseases.

In the myopathy and cataract research field, it is reasonable
to assume that prevention of the formation of aggregates in-
duced by aB-crystallin myopathy- and cataract-associated mu-
tants may be an efficient strategy to inhibit the development of
the disease (Fig. 4). For example, it is well known that the ces-
sation of the expression of aB-crystallin R120G mutant in
symptomatic mice improved cardiac function and rescued
these animals from premature death [73]. Towards these
pathologies, specific peptide/RNA aptamers or chemical chap-
erones that interfere with the mechanism leading to the aggre-
gation of the mutated aB-crystallin but not with the wild type
protein functionality should be researched and tested. A simi-
lar approach can be proposed towards the pathologies induced
by mutations of Hsp27.
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Fig. 4. Role of Hsp27 and aB-crystallin in normal and pathological cells. (A) In normal cells, Hsp27 and/or aB-crystallin participate in cytoskeleton,
redox state and protein folding homeostasis. These proteins are also involved in the protection of cells in case of stress. In this respect, these sHsps
interfere with spontaneous or induced apoptosis. (B) In pathological cells, Hsp27 and/or aB-crystallin have beneficial effects towards protein
conformation and inflammation related diseases. In contrast, these proteins can have pernicious effects through their ability to protect cancer cells
against the immune system- or drug-mediated death. Mutations in Hsp27 and/or aB-crystallin are responsive of the development of pathologies such
as, cataracts, myofibrillars myopathies, cardiomyopathies, Charcot-Marie-Tooth (CMT) disease and motor-neuronal neuropathies, such as Distal

Hereditary motor neuronopathy (dHMN).

Towards inflammation and asthma, compounds that stimu-
late the anti-oxidative activity of Hsp27 and oB-crystallin
should be actively researched. Once again specific peptides or
RNA aptamers or drugs that maintain these proteins in the
form of large oligomers may stimulate their chaperone and
anti-oxidative properties.

In the cancer field, Hsp27 and aB-crystallin have negative
activities and should be either eliminated or their activity im-
paired (Fig. 4). Indeed, up until today, no report has described
a positive role of these proteins in cancer cells, such as better
tumor antigen-recognition at the cell surface as already shown
in the case of Hsp70 [102,103]. Hence, experiments have been
performed using anti-sense or nucleotide-based therapies with
aim to inhibit Hsp27 and aB-crystallin expression. This ap-
proach sensitizes cancer cells to apoptotic inducers [45] and
anticancer drugs and reduces the tumorigenic potential of
bladder and prostate cancer cells [46,48]. The decrease in tu-
mors aggressivity mediated by second generation of RNAi
molecules, such as OGX 437 (Oncogenex Inc.), appears to be
linked to loss of the anti-apoptotic protection mediated by
Hsp27 [48]. Moreover, the degradation of putative and still un-
known tumorigenic and/or metastatic client proteins that may
bind Hsp27 should also be considered. As mentioned above,
peptide/RNA aptamers or chemical chaperones that bind spe-
cific structural organizations of Hsp27 or aB-crystallin could
be an alternative approach to reduce the tumorigenic and met-
astatic activities of these proteins. Similarly aptamers or drugs
that modulate the anti-oxidant potential of these proteins (see
above) may prove useful to block Hsp27 ability to counteract
the killing efficiency of redox state dependent anti-cancer ther-
apeutic drugs, such as 17AAG, or physical challenges such as
X-rays irradiation.

5. Conclusions and perspectives

The number of reports that describe the importance of
Hsp27 and aB-crystallin in pathologies is increasing exponen-

tially and the need of drugs that modulate the activity of these
chaperones is rising fast. The discovery of drugs will be a chal-
lenge since the tri-dimensional structures of human Hsp27 and
aB-crystallin is still not known because of the difficulty to ob-
tain stable crystals of these oligomeric proteins for X-ray anal-
ysis. In spite of these considerations, an astonishing array of
strategies to either stimulate the beneficial properties or to af-
fect the pathological roles played by these proteins is fast
emerging. For example, the discovery of specific peptides that
recognize the oligomeric forms of Hsp27 or aB-crystallin may
prove useful to determine the structure of peptido-mimetic
compounds leading to the emergence of chemical drugs desig-
nated to modulate specific activities of Hsp27 and aB-crystallin
and/or which can correct and mask specific mutations in these
chaperones. Hence, it is likely that in a near future drugs will
be available for clinical trials. In addition, the intense work
which is actually performed towards the eight other members
of the human small stress family of proteins and the fact that
most sHsps interact with each other and form homo- and het-
ero-oligomeric complexes may lead to the emergence of other
interesting therapeutic targets and strategies.
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Hsp27 est une protéine qui posseéde la particularité de former des structures de type
oligomériques. Ces structures sont encore assez mal décrites dans la littérature mais leur role
semblerait étre la rétention de protéines dénaturées lors de stress. Des études biochimiques ont
montré que les formes de plus petites tailles, inférieures a 200kDa, seraient les formes
phosphorylées par la MK2 (MAPKAPK?2). Trois résidus sérine en position S15, 78 et 82, sont
phosphorylés lors d’un stress comme le choc thermique. Cette phosphorylation serait a 1’origine
de la dissociation des formes de haut poids moléculaire. Ainsi, lors d’un stress se produirait une

modification importante des états de phosphorylation de Hsp27 et de sa structure oligomérique.

Les mécanismes structuraux de 1’oligomérisation sont eux aussi mal compris. Il est établi
que le motif hydrophobe WDPF en position N-terminal est important dans les phénoménes
d’oligomérisation. Le domaine a-cristallin serait responsable des associations entre monomeres,
pieces de bases de 1’établissement des structures de haut poids moléculaire. L’établissement de
liaison disulfure entre deux résidus cystéine en positon 137 serait responsable de la dimérisation
covalente entres deux monomeres de Hsp27 (Diaz-Latoud ef al., 2005). Cependant, I’inhibiton de
cette dimérisation ne conduit pas a 1’abolition de la formation des oligomeres mais provoque la
formation d’oligomeres non fonctionnels. Les phosphorylations sont nécessaires pour le maintien
de I’intégrité du cytosquelette. Ainsi, Hsp27 interagirait avec 1’actine uniquement sous ses formes
phosphorylées. Cette interaction serait un élément important pour protéger des altérations du
cytosquelette et de la F-actine au cours de 1’apoptose et plus généralement du stress. Il a aussi été
montré que Hsp27 prévenait les altérations du cytosquelette comme celles induites par les RLO.
Ces mécanismes de lutte contre la déstructuration du cytosquelette conduisent a inhiber 1’apoptose

par inhibition de la sortie du cytochrome ¢ mitochondrial.

Dans cette ¢tude nous avons analysé la modulation des différents parameétres structuraux
qui régissent la biochimie de Hsp27 tels que son oligomérisation, sa phosphorylation et sa
localisation cellulaire. Nous avons ainsi pu montrer que les différents parametres biochimiques

analysés pour Hsp27 étaient trés variants suivant le type de stress réalisé.
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Nous avons traité des cellules HeLa avec différents inducteurs d’apoptose : un inhibiteur
de topoisomérase II, 1’étoposide ; une inhibiteur de kinase, la staurosporine ; un inhibiteur de la
polymérisation de I’actine, la cytochalasine D et 1’anticorps mimant I’action du liguant de mort
Fas. Nous avons pu ainsi montrer que la déplétion partielle en Hsp27 provoquait une inhibition de
la mort induite par ces composés, en diminuant I’induction de la sortie du cytochrome c¢
mitochondrial.

Il apparait que la dispersion spatiale de Hsp27 est largement modifiée apres traitement par
chacun de ces composés. De plus, cette dispersion semble étre profondément corrélée avec les
changements du cytosquelette et en particulier de la F-actine. En effet, le cytosquelette subit de
profondes modifications aprés ces traitements proapototiques, et la F-actine semble étre
redistribuée dans les corps apoptotiques ainsi que dans les « boursouflures des membranes » ou
« membranes rufles ». Hsp27 serait présente a la base de ces formations et collaborerait avec
I’actine pour ’adhésion de ces structures. Ces modifications de localisation cellulaire sont
corrélées avec des changements importants de [’oligomérisation de la protéine. Deux
modifications semblent étre opérées selon le type d’apoptose induite. En effet, les inducteurs de
mort, ciblant plus directement I’actine et sa structure, comme la cytochalasine D et la
staurosporine, induisent une phosphorylation rapide et importante corrélant avec une forte
diminution du nombre de structures de haut poids moléculaires. Les composés permettant une
altération indirecte du cytosquelette comme 1’étoposide et le liguant Fas provoquent une

oligomérisation importante reliée a un faible taux de phosphorylation.

Dans la majeure partie des études concernant la protéine de stress Hsp27, les
phosphorylations étaient analysées dans leur globalité c'est-a-dire en considérant que chacune des
trois résidus sérines phosphorylables 1’était de la maniére identique. Nous avons pu montrer, a
I’aide d’anticorps spécifiques de chaque site de phosphorylation, que ces phosphorylations étaient
différentielles, en fonction du résidu sérine considéré et des formes oligomériques formées. Par
ailleurs, il apparait que des formes phosphorylées sont retrouvées dans les structures de haut poids
moléculaires, ce qui complexifie encore la vision de la structure de Hsp27 proposée jusqu’alors.
Ainsi, la phosphorylation de la serine en position 82 serait retrouvée dans les petites formes de
Hsp27 <150 kDa et les trés grandes > 400kDa. Celle en position en position 78, serait retrouvée
dans les formes moyennes entre 150 et 400 kDa. Enfin, la forme phophorylée de la sérine 15 serait
présente uniquement dans les petites formes < 150 kDa, et ceci pour les quatre traitements réalisés.
De plus, le phénomene semble encore plus complexe puisque dans le cas d’un choc thermique, des

phosphorylations de la sérine S15 sont aussi retrouvées dans les trés gros oligomeres.
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La relation structure/fonction est particulierement importante pour les petites a-cristallines.
Le phénomene d’oligomérisation est difficile a appréhender et a étudier du fait de I’importance de
I’hétérogénéité des réponses biologiques observées. En outre, on peut imaginer que le systeme se
complexifie encore plus si I’on tient compte du fait que les petites protéines de stress sont capables
de former des hétéro oligomeres entre elles, par exemple entre Hsp27, 1I’aB-cristallin et Hsp22.
Comprendre ces mécanismes moléculaires d’oligomérisation semble essentiel pour pouvoir cibler

ces petites Hsp et inhiber sélectivement leurs activités anti-apoptotiques.
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ARTICLE INFORMATION ABSTRACT
Article Chronology: Human HspB1 (also denoted Hsp27) is an oligomeric anti-apoptotic protein that has tumorigenic and
Received 22 October 2009 metastatic roles. To approach the structural organizations of HspB1 that are active in response to
Revised version received apoptosis inducers acting through different pathways, we have analyzed the relative protective
5 March 2010 efficiency induced by this protein as well its localization, oligomerization and phosphorylation. HeLa
Accepted 9 March 2010 cells, that constitutively express high levels of HspB1 were treated with either etoposide, Fas agonist
Available online 15 March 2010 antibody, staurosporine or cytochalasin D. Variability in HspB1 efficiency to interfere with the different
apoptotic transduction pathways induced by these agents were detected. Moreover, inducer-specific
Keywords: dynamic changes in HspB1 localization, native size and phosphorylation were observed, that differed
Hsp27 from those observed after heat shock. Etoposide and Fas treatments gradually shifted HspB1 towards
HspB1 large but differently phosphorylated oligomeric structures. In contrast, staurosporine and cytochalasin
Chaperone D induced the rapid but transient formation of small oligomers before large structures were formed.
Apoptosis These events correlated with inducer-specific phosphorylations of HspB1. Of interest, the formation of
Oligomerization small oligomers in response to staurosporine and cytochalasin D was time correlated with the rapid
Phosphorylation disruption of F-actin. The subsequent, or gradual in the case of etoposide and Fas, formation of large

oligomeric structures was a later event concomitant with the early phase of caspase activation. These
observations support the hypothesis that HspB1 has the ability, through specific changes in its
structural organization, to adapt and interfere at several levels with challenges triggered by different
signal transduction pathways upstream of the execution phase of apoptosis.

© 2010 Elsevier Inc. All rights reserved.

Introduction as for example in heat shock conditions [1]. Small Heat shock

proteins (sHsps) (20 to 40 kDa) share a C-terminal domain with
Heat shock (or stress) proteins (Hsps) are characterized by their homology to alpha-crystallin from the vertebrate eye (about 40%
stimulated expression when the cellular environment is deleterious, of the protein, the alpha-crystallin domain) [2-4], as well as a flexible
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C-terminal tail and a weakly conserved N-terminal domain contain-
ing a hydrophobic WDPF motif. sHsp complex heterogeneous oligo-
merization is linked to the physiology of the cells, the
phosphorylation status of sHsps and the potential exposure to stress
[3,5-7]. Tetramers assembled from dimers are the building blocks of
sHsp multimeric oligomeric complex [8]; a phenomenon controlled
by phosphorylation-sensitive interactions in the N-terminal part of
sHsps [9].

In human, ten different sHsps have been characterized [10]. One
of them, HspB1 (Hsp27) which has been studied for several years,
enhances the resistance of cells to the deleterious effects induced by
either heat shock [11], oxidative stress [12,13], anti-cancer drugs
[14-18] or compounds and/or conditions that trigger apoptosis [ 19-
21]. Concerning the molecular mechanisms underlying sHsp
protective activities, it was observed that HspB1 large oligomers,
which are in dynamic equilibrium with those of smaller sizes [22],
bear in vitro ATP-independent «holdase» chaperone activity [23,24].
In cells recovering from heat shock, HspB1 forms large oligomeric
structures that store misfolded polypeptides generated by the heat
stress. Consequently, the misfolded polypeptides preserve their
folding competent state and do not form toxic aggregates [25-27].
Stored misfolded polypeptides are then either processed for
refolding by ATP-dependent foldase chaperones (i.e. Hsp70 and
co-chaperones) [28] or degraded by the ubiquitin—proteasome [29]
and/or autophagy pathways [30]. Small oligomers formed by HspB1
can also sustain cytoskeleton integrity [31-34]. Of interest, HspB1
also targets specific polypeptides and modulates their activity and/
or half-life, such as glucose-6-phosphate dehydrogenase (G6PDH),
caspase-3, cytochrome ¢, Daxx, Akt, el[FAG and elF4E [35-42], but it is
not known whether these features require a particular structural
organization of HspB1, such as that bearing chaperone activity.

In human cells, HspB1 phosphorylation is catalysed by MAPKAP
kinases 2 and 3 [43-45] and/or phosphatases inactivation [46,47]
and occurs at three serine sites [15,78,82] localized in the N-terminal
part of the polypeptide outside of the alpha-crystallin domain. We
and others have described that the stress-induced phosphorylation
of HspB1 redistributes the protein in oligomers of small sizes [6,48].
This negatively regulates the chaperone activity of HspB1 and favors
the involvement of this sHsp against stress-induced F-actin
architecture disruption [49].

Studies performed with non-phosphorylatable or phosphorylat-
ed mimicry mutants led to the conclusion that the large unpho-
sphorylated oligomers (>400 kDa) represent the active form of
HspB1 responsive of the protection against oxidative stress [6,27]. It
has also been reported that the phosphorylation and oligomerization
of HspB1 is modulated by reactive oxygen species [50]. The dynamic
changes in HspB1 oligomerization and phosphorylation that
regulates and/or recycles HspB1 chaperone activity has also been
proposed to be involved in the protection against heat and oxidative
stress mediated damages to the cytoskeleton [51,52].

Our observations, confirmed by others, have shown that HspB1
negatively regulates apoptotic cell death programs [19,21,53] while
sensitization to apoptosis occurs when the level of this protein is
artificially decreased [54-57]. This suggests physiological anti-
apoptotic roles of HspB1, particularly in cancer cells where its
constitutive expression promotes tumor aggressivity [58,59] and
metastasis formation [56,60]. In this respect, HspB1 is the major sHsp
expressed in human carcinoma and estrogen-dependent cancer cells
[18,61]. HspB1 counteracts apoptosis by acting both upstream and
downstream of the release of cytochrome c¢ from mitochondria.

Depending on the apoptotic inducer, the upstream effect occurs at
the level of different signaling pathways, one of them being related
to F-actin architecture integrity [54]. The F-actin pathway probably
requires the small phosphorylated oligomers of HspB1 since this is
the structural form that protects F-actin network integrity. Interfer-
ence with the upstream pathways delays the accumulation of
cytochrome c in the cytosol and subsequently caspase activation
[54,62]. Upstream pathways targeting the pro-apoptotic protein Bax
are also modulated by HspB1 [63]. Indeed, through its interaction
with Akt, HspB1 indirectly inhibits Bax conformational activation,
oligomerization, and translocation to mitochondria [40,41,63].
However, the structural organization of HspB1 responsible of the
effect is unknown. Downstream of mitochondria, HspB1 interferes
with pro-caspase-9 activation [64] through a rather weak interaction
with cytosolic cytochrome c [36,54]. Further downstream, caspase-3
is client protein of HspB1; a phenomenon which impairs its
activation by the apoptosome-associated pro-caspase-9 [39]. At
least, one of the downstream effects described above could be linked
to the large oligomeric structures of HspB1. Indeed, in colon tumors,
this structural organization of HspB1 is required for anti-apoptotic
and tumorigenic activities. In addition, large oligomers of recombi-
nant HspB1 added to cytosolic extracts decrease cytochrome c
mediated caspase activation [65]. HspB1 was also shown to
modulate additional apoptotic pathways. For example, small
oligomers of HspB1 interact with DAXX and interfere with the
apoptotic pathway dependent of this protein [37]. Hence, only very
few data are available today concerning the dynamic structural
organization of HspB1 in cells exposed to stimuli inducing apoptosis.
In addition, the relative protective efficiency of HspB1 against
different apoptosis inducers is also not well defined. The only
information available to date relates to the modulation of the
apoptotic processes in cells over- or under-expressing HspB1 and the
interaction of this protein with some key apoptotic regulators [39].
However, the stoichiometry of the interactions and the active
structures of HspB1 are not known. In addition, in cells that express
high levels of different sHsps, i.e. muscle cells, HspB1 can further
form complex mosaic hetero-oligomeric structures with other sHsps
[66]. Such interactions are not observed in most human carcinoma
cells, such as Hela, since, in these cells, HspB1 is the major
constitutively expressed sHsp. Due to its tumorigenic and metastatic
roles, HspB1 has therefore been referred as being a potential anti-
cancer therapeutic target [ 18,61]. These facts prompted us to analyze
and compare different properties of the constitutively expressed
HspB1 polypeptide of HeLa cells in response to inducers that trigger
apoptosis through different pathways: etoposide, Fas, staurosporine
and cytochalasin D. Complex and inducer-specific localization,
oligomerization and phosphorylation patterns of HspB1 were
detected which suggest that the constitutively expressed HspB1
polypeptide of HeLa cells has multiple facets to counteract differ-
entially induced apoptotic programs.

Materials and methods
Cells and reagents

Parental, control (HeLa-neo15) as well as HspB1 under-expressing
(HeLa-ASHsp27-1; anti-sense strategy) HeLa cells were previously
characterized [54]. They were grown at 37 °C in Dulbecco's modified
Eagle medium containing 10% fetal calf serum (Invitrogen, Abingdon,
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UK) in the presence of 5% CO,. The growth medium of HeLa-neo15
and HeLa-ASHsp27-1 cells was further supplemented with 500 pg/ml
of G418 (Sigma, St Louis, MO). Transient transfection assays, using
lipofectamine reagent (Invitrogen, Abingdon, UK), were performed
using previously described pKS27wt (wild type HspB1), pKS2711-3A
(non-phosphorylatable mutant: the three phosphoserines 15, 78 and
82 replaced by alanine) or pKS2711-3D (phospho-mimicry mutant:
the three phosphoserines 15, 78 and 82 replaced by aspartic acid)
DNA vectors [6]. Empty pKS vector (Stratagene, Amsterdam, The
Netherlands) was used as transfection control. Monoclonal anti-
human Hsp70 and HspB1 antibodies as well as those that specifically
recognize HspB1 phosphorylated at either serine 15, 78 or 82 were
from Stressgen (Victoria, BC, Canada). Anti-actin antibody and FITC-
conjugated goat anti-mouse secondary antibody were from Santa
Cruz Biotechnology-Tebu (Le Perray en Yvelines, France). Anti-
cytochrome ¢ antibody (clone 7H8.2C12) was from Pharmingen
(San Diego, CA), anti-Fas antibody (clone CH-11) was from Upstate
Biotechnology (Lake Placid, NY) and Alexa Fluor™ 488 Phalloidin was
from Molecular Probes/Interchim (Montlugon, France). Staurospor-
ine, cytochalasin D, etoposide, actinomycin D, and Hoechst 33258
were from Sigma (St Louis, MO).

Measurement of caspase activity

For the determination of DEVD-dependent caspase-3 like activation,
10° Hela cells were harvested and subsequently washed in ice-cold
PBS, pH 7.4. Determination of DEVD-AFC activity was performed
using a caspase-3 fluorometric Assay kit (MBL, Nagoya, Japan).
Excitation was at 400 nm and emission at 505 nmin a Victor Wallach
Cytofluorometer (EG&G Instruments, Evry, France). Analysis of
transiently transfected cells was performed as follows: 24 h after
transfection, cells were trypsinized and allowed to grow for 24 h in
white-walled 96-well plates (10* cells/well) before being treated
and analyzed using caspase-glo® 3/7 assay kit (Promega, Charbon-
niéres, France).

Immunoblotting

One and two-dimensional immunoblot analyses were performed as
already described [5]. After SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), proteins were transferred to a nitrocellulose membrane
(Protan BA 85, Whatman Schleicher & Schuell, Versailles, France).
Immunoblots, first probed with an antibody specific to the targeted
protein, were incubated with either goat anti-mouse or goat anti-
rabbit immunoglobulins conjugated to horseradish peroxidize
(Santa Cruz Biotechnology-Tebu, Le Perray en Yvelines, France)
and revealed with the ECL kit (Amersham Corp., Buckinghamshire,
UK). Autoradiographs were recorded onto X-Omat LS films (Eastman
Kodak Co, Rochester, USA). Films were scanned (4990 Epson film
scanner) and analyzed with Image] software™ (NIH, Bethesda). The
duration of the exposure was calculated as to be in the linear
response of the film.

Cytochrome c release from mitochondria

The method used for monitoring mitochondrial cytochrome c
release into the cytosol was described in one of our previous
publication [54]. In brief, HeLa cells (2.10°) were lysed and
cytosolic cytochrome c, released from mitochondria, was analyzed
in immunoblots probed with anti-cytochrome c antibody.

Immunofluorescence analysis

Hela cells (10*/cm?) growing on glass cover slips, treated or not
with apoptotic inducers, were fixed for 10 min with freshly prepared
3.7% formaldehyde, pH 7.0 in PBS before being permeabilized for
5 min in cold acetone. F-actin was stained for 20 min with Alexa
Fluor™ 488 Phalloidin (5 U per ml of PBS). HspB1 localization was
detected by incubating the coverslips for 1 h with monoclonal anti-
HspB1 antibody (diluted 1/100 in PBS containing 0.1% BSA). After
washing, HspB1 staining was revealed by incubating cells for 1 h
with FITC-conjugated goat anti-mouse immunoglobulins (1/200 in
PBS containing 0.1% BSA). Control experiments performed with non-
immune sera or only the second antiserum confirmed that all
detectable HspB1 fluorescence was specific. Hoechst 33258 staining
was used to analyze the morphology of nuclei. The stained cells were
then examined and photographed using appropriate filters with a
Zeiss Axioskop microscope equipped with a 63x objective lens with
a 1-25 numerical aperture and a digital camera device. Individual as
well as merge analysis were performed.

Cell fractionation and gel filtration analysis

Hela cells were washed in ice-cold PBS, pH 7.4 and then lysed in a
Dounce homogenizer in TEM lysis buffer (Tris HCl pH 7.4, 20 mM;
NaCl 20 mM; MgCIl2 5mM; EDTA 0.1 mM) in the absence or
presence of 0.1% Triton X100. The lysates were centrifuged at
10,000 xg for 10 min. SDS sample buffer (1x or 5x) was then
added to the resulting pellets and supernatants to obtain samples
that had similar volumes. Samples were then prepared for SDS-
PAGE and immunoblot analysis using appropriate antibodies. Gel
filtration analysis was performed as already described [6]. In brief,
2.107 Hela cells, treated or not, were lysed as above in TEM
supplemented with 0.1% Triton X100. The 10,000 xg supernatant
was applied onto a sepharose 6B gel filtration column (1 x 100 cm)
(Pharmacia, Ullis, France) equilibrated and developed in TEM lysis
buffer devoid of Triton X100 and calibrated with a molecular
weight markers kit (Kit for Molecular Weights 29,000-700,000 for
Gel Filtration Chromatography, Sigma, St Louis, MO). The fractions
eluting from the column were analyzed by immunoblotting.

Results

Variability in HspB1 protective activity against unrelated
apoptotic inducers

Hela cells were either kept untreated (NT) or treated for different
time periods with either 500 uM etoposide (topoisomerase II
inhibitor), 20 ng/ml CH-11 anti-Fas agonist antibody (death
receptor activation)+ 5 ng/ml actinomycin D (to enhance the
killing efficiency of agonist Fas antibody) (Fas Ab) or 0.125 uM
staurosporine (kinase inhibitor). The concentration of the apopto-
tic inducers was chosen as to induce rather similar kinetics of
cytosolic cytochrome ¢ accumulation and caspase activation (see
Figs. 1A,B). Cells were also treated with cytochalasin D (0.5 pM).
This drug rapidly inhibits F-actin polymerization and induces an
apoptotic process [54] counteracted, at least in part, by the ability
of HspB1 small oligomers to stabilize F-actin integrity [33,54,67].

We first compared the kinetics of cytochrome c released from
mitochondria in response to the different apoptotic inducers (see
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Materials and methods). Fig. 1A shows that, in staurosporine treated
cells, cytochrome ¢ was quantitatively released after 1h of
treatment. In response to Fas Ab and etoposide the phenomenon
occurred 2 h later and was further delayed in response to
cytochalasin D. In response to etoposide, pro-caspase-3-like (DEV-
Dase) activation was detectable after 1 h of treatment (Fig. 1B). 2 h
later, the stimulation was of 1.3-fold and reached 5.5-fold after 12 h.
Roughly similar kinetics were observed in response to Fas Ab and
staurosporine. After 12 h of treatment with these inducers, the
stimulation was of 6.9- and 6.4-fold, respectively. In contrast, in cells
exposed 12 h to cytochalasin D, the stimulation was of only 2-fold in
spite of the release of cytochrome ¢ from mitochondria (Fig. 1A) and
the rapid disruption of F-actin architecture (see below Fig. 2). Hence,
the different concentrations of etoposide, Fas Ab and staurosporine
that were used showed rather similar kinetics of apoptosis induction
while the process was less intense or delayed in cytochalasin D
treated cells, probably because of the weak apoptotic efficiency of
this inducer.

We next compared HspB1 protective efficiency against the
different inducers. We used a genetically modified HeLa cell line
(HeLa-ASHsp27-1) expressing reduced levels of HspB1 (2.4
instead of 4 ng per g of total proteins) (Fig. 1C) that were already
described to be more sensitive to staurosporine treatment than the
corresponding control (HeLa-neo15) and parental HeLa cells [54].
For every apoptotic inducer tested, the decrease in HspB1
expression correlated with enhanced cytochrome ¢ accumulation
and DEVDase activity (Figs. 1D,E). The stimulation of DEVDase
activity (1.5 to 2.5 fold) was dependent on the inducer (maximal
effect in response to Fas Ab) and to a lesser extent on the duration
of the treatment (3 or 6 h). Hence, the inducer-specific variability
in HspB1 protective activity supports the hypothesis that, in
addition to its role at the level of the common execution phase of
apoptosis (cytochrome c/caspase activation) [36,39,54], this
protein may differentially modulate inducer-specific upstream
transduction pathways.

Apoptotic inducer-specific changes in HspB1 intracellular
localization

Dynamic and transient changes in intracellular localization, oligo-
merization and phosphorylation have been shown to correlate with
HspB1 ability to counteract the deleterious effects induced by heat
shock or oxidative stress [5,48,68]. In contrast, less is known about
HspB1 localization and structural organization in cells exposed to
apoptosis inducers. HspB1 intracellular localization was first
analyzed using an immunofluorescence approach in cells treated
with the different inducers (same concentrations as indicated in
Fig. 1). Treatments of 3 h were chosen to analyze the early phase of
the apoptotic programs and thus avoid too drastic effects on cell
morphology. F-actin structural organization and nuclear morphol-
ogy were determined to estimate these effects. In growing non-
treated HeLa cells (NT), HspB1 showed a diffuse cytoplasmic
localization, particularly in the perinuclear region. This protein was
also present in membrane ruffles (Figs. 2A,B). In these cells, F-actin
displayed characteristic transcytoplasmic fiber appearance and co-
localized with HspB1 in membranes ruffles (arrow). Analysis of cells
exposed to the different inducers revealed profound and specific
effects induced by these compounds. In etoposide and Fas Ab treated
cells, in spite of still showing a diffuse cytoplasmic distribution,
HspB1 localized in particular cell surface membrane blebs (up to 15

blebs per cell, size 1-3 pm in diameter). In these cells, the
transcytoplasmic fiber appearance of F-actin was lost. However, in
agreement with a previous report [69], F-actin fibers were still
present and accumulated at the cell periphery where they formed a
dense spherical network known to generate membrane blebbing
activities [70]. Of interest, in etoposide treated cells, HspB1 contain-
ing membrane blebs co-stained with phalloidin, hence revealing the
presence of F-actin in these structures (see the arrow in merge
analysis, Fig. 2B). In Fas Ab treated cells, the co-localization was
restricted to the base (cytoplasmic side) of the blebs (Fig. 2B). In cells
exposed to staurosporine, HspB1 was mainly concentrated in
cytoplasmic domains devoid of phalloidin staining. In contrast, but
in agreement with previous reports [71-73], the transcytoplasmic
and/or cell periphery fibers were lost and F-actin staining was
recovered at the level of HspB1-devoid areas dispersed throughout
the cytoplasm. In response to cytochalasin D, and as previously
described, the transcytoplasmic and/or cell periphery fibers were
lost and most F-actin staining was dispersed within the cytoplasm
and at the level of particular HspB1 positive cell surface rounded
structures (one to two per cell, 5-8 um in diameter). Analysis of
these structures revealed that they were decorated by HspB1
positive small bleb-like sub-structures; only some of them, localized
inside the large rounded structures, co-stained with phalloidin (see
arrows in enlarged images of Fig. 2B). HspB1 not present in the cell
surface rounded structures had a diffuse cytoplasmic distribution. No
fragmentation of nuclei was observed confirming that the analysis
was performed during the early phase of the different apoptotic
processes. Moreover, in etoposide and Fas Ab treated cells, the cell
surface HspB1-containing blebs were Hoechst staining negative
suggesting that they were not DNA-containing apoptotic bodies but
more probably an already described early, F-actin integrity depen-
dent, apoptotic manifestation that usually occurs in cells exposed to
stressful stimuli [70].

We next analyzed the intracellular distribution of HspB1. Fig. 3A
shows that, following lysis in the absence of detergent, only 39% of
HspB1 present in exponentially growing HeLa cells was recovered in
the 10,000 x g supernatant fraction indicating that a large fraction of
this protein co-sedimented with cellular structures. Analysis of the
effects mediated by 3 h of treatment with staurosporine, Fas Ab or
etoposide revealed a moderate increase of HspB1 level in the soluble
fraction (44,45 and 47%, respectively). Similar distributions of HspB1
were observed when cells were exposed for longer time periods to
the inducers (not shown). In regards to the localization analysis
presented in Fig. 2, it can be concluded that the presence of HspB1 in
membrane blebs does not significantly alter its overall distribution
following cell lysis. Moreover, when cells were lysed in the presence
of 0.1% of Triton X-100, 80% or more of the cellular content of HspB1
was recovered in the supernatant fraction. In the absence of
detergent, etoposide, Fas Ab or staurosporine did not significantly
alter the distribution of actin. Indeed, its distribution was close or
identical to that observed in non-treated cells (about 32% in the
soluble fraction). In the presence of detergent, the level of actin in the
soluble fraction drastically increased but the phenomenon was less
intense in cells treated with etoposide, Fas Ab or staurosporine (58,
62, 55%, respectively) than in non-treated cells (69%). Concerning
Hsp70, it is worth taking note that in non-treated cells this protein
had a distribution similar to actin independently of the presence or
not of detergent. Treatments with etoposide, Fas Ab or staurosporine
increased the percentage of Hsp70 in the soluble fraction in the
absence of detergent and, as observed in the case of actin, had the
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Fig. 1 - Apoptotic treatments and protection mediated by HspB1. A) Analysis of cytosolic cytochrome c level. HeLa cells were either kept
untreated (NT) or exposed for various times (1 to 9 h) to either 0.125 1M staurosporine (Stau), 0.5 1M cytochalasin D (Cyto), 500 M
etoposide (Eto), or 20 ng/ml anti-Fas antibody + 5 ng/ml actinomycin D (Fas Ab). Quantitative analysis of cytosolic cytochrome c level (see
Materials and methods) is presented. B) Kinetics of DEVDase (pro-caspase-3-like) activity. Activation index was determined as the ratio
between the activities measured in treated cells to that determined in non-treated cells. The histograms shown are representative of three
identical experiments, standard deviations are presented (n= 3). C-E) Underexpression of HspB1 stimulates cytosolic cytochrome c
accumulation and DEVDase activation. (C) Immunoblot analysis of HspB1 and actin present in growing HeLa-neo15 (neo) and
HeLa-ASHsp27-1 (AS) cells. (D) Effect of HspB1 underexpression towards cytosolic cytochrome ¢ accumulation. HeLa-neo15 control (neo)
and HeLa-AS27-1 (AS) cells were either kept untreated (NT) or treated for various time periods with the different apoptotic inducers (as
above). Cytosolic cytochrome c was analyzed in immunoblots probed with anti-cytochrome c antibody. Autoradiographs of ECL-revealed
immunoblots are presented. Note that cytochrome c is present in the cytosol of HeLa-AS27-1 cells earlier than in control HeLa-neo15 cells
which contain a normal level of HspB1. (E) DEVDase activity in HeLa-neo15 and HeLa-ASHsp27-1 cells. Cells were analyzed after 3 and 6 h of
treatment and the DEVDase activation relative index was determined for each treatment as the ratio between the activities in extracts of
HeLa-AS27-1 cells to that measured in extracts of control HeLa-neo15 cells. 1.0 corresponds to the value observed in control HeLa-neo cells.
The histogram shown is representative of three identical experiments, standard deviations are presented (n=3).

tendency to retain Hsp70 in pellet fraction in the presence of was recovered in the 10,000 xg supernatant fraction in the absence
detergent. of detergent (85% in the presence of detergent). In contrast, actin

Cytochalasin D had the most pronounced effect on the dis- showed an equal distribution between the supernatant and pellet
tribution of HspB1 and actin. Indeed, a large fraction (69%) of HspB1 fractions that was not significantly altered by the presence of
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Fig. 2 - Intracellular localization of HspB1 in HeLa cells exposed to different apoptotic inducers. A) Fluorescence photomicrograph
analysis. Cells were then either kept non-treated (NT) or treated for 3 h with apoptotic inducers as described in Fig. 1. Thereafter, cells
were prepared for detection of HspB1, F-actin and nuclei as described in Materials and methods. Bar: 10 pm. B) Enlargements of cells
presenting a co-localization of HspB1 and F-actin (indicated by arrows in the merge analysis presented in A). Note the co-localization of
HspB1 and F-actin in membrane ruffles of untreated cells (arrow). Note also the presence of HspB1 in membrane blebs (1-3 pm) formed
in response to etoposide and Fas Ab and the presence of F-actin in the basal part of the blebs (arrows). Analysis of the cell surface
structures (5-8 pm) formed in response to cytochalasin D revealed that HspB1 and actin co-localized only in the central part of the

structure (arrows).

detergent. In the absence of detergent, similarly to actin, an equal
distribution of Hsp70 between the supernatant and pellet fractions
was observed. In the presence of detergent, 41% of Hsp70 still
remained associated with the pellet fraction.

Taken together, these observations confirm that the distribution
of HspB1 is specific and that a substantial amount of this protein has
the tendency to associate, in an F-actin integrity dependent way,
with detergent sensitive structures, such as the plasma membrane
cytoskeleton compartment where actin nucleation occurs [74,75].
Hence, in cytochalasin D treated cells, the association of HspB1 with
large cell surface rounded structures (Figs. 2A,B) is easily destroyed
upon cell lysis, probably as a consequence of F-actin integrity
disruption. Control experiments revealed, that throughout the
experiments, the different inducers did not alter the total cellular
level of HspB1 and actin (see Fig. 4B).

Apoptotic inducer-specific redistribution of HspB1 dynamic
oligomeric size

Since HspB1 is an oligomeric protein [76], we have investigated
whether apoptotic stimulations could modify its native molecular
mass. The 10,000 xg supernatant (S fraction) of Triton X-100 lysed

Hela cells (at least 80% of the cellular content of HspB1) was
therefore analyzed onto Sepharose 6B gel filtration columns. As
previously described [5,77], in exponentially growing HeLa cells,
HspB1 was recovered almost equally in two major oligomeric
structures with heterogeneous native molecular masses broadly
comprised between 50 and 200 kDa (small oligomers, populationI)
and 200 and 700 kDa (large oligomers, population II) (Fig. 3B). It
can also be noted that a low population of Hsp27 molecules is
present in the intermediate 150 to 400 kDa range. Similar size
distributions of HspB1 have been observed in vitro [78]. As
observed in Fig. 3B, HspB1 was not detected in the void volume
of the column, hence suggesting that it was not associated with
Triton X-100 resistant structures larger than 10° Da. Up to 6 h of
treatment with etoposide, HspB1 had the gradual tendency to
concentrate in large structures (population II) (Fig. 3B). After 12 h,
the size distribution of HspB1 was back to normal (see Fig. 5A for a
more complete analysis of the phenomenon). A rather similar
redistribution of HspB1 was observed in cells exposed to Fas Ab.
However, in this case, the two oligomeric populations were more
clearly defined and the maximal accumulation of HspB1 in
population Il occurred later (9 h) than in cells exposed to etoposide
(see data presented in Fig. 5A). As in the case of etoposide, after
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Fig. 3 - HspB1 cellular distribution and native size in response to different apoptotic treatments. A) Cellular distribution upon cell lysis.
Hela cells were either kept untreated (NT) or treated for 3 h with the different apoptotic inducers (same concentrations as in Fig. 1).
Cells were then lysed in the absence (—) or presence (+) of 0.1% Triton X-100 and spun at 10,000 xg as described in Materials and
methods. The levels of HspB1, actin and Hsp70 present in the supernatant and pellet fractions were detected in immunoblots probed
with the corresponding antibody (see Materials and methods). Autoradiographs of ECL-revealed immunoblots are presented. B)
Analysis of HspB1 native size. HeLa cells were either kept untreated (NT) or treated with the apoptotic inducers as described above.
10,000 x g soluble cytosolic fractions were applied to Sepharose 6B gel filtration columns (see Materials and methods). The presence of
HspB1 in pooled fractions eluted from the columns was detected in immunoblots probed with anti-HspB1 antibody. Autoradiographs of
ECL-revealed immunoblots are presented. 29, 66, 150, 200, 443 and 669 kDa are gel filtration markers. The exclusion size of the column is
indicated (2000 kDa). Population I corresponds to native sizes <200 kDa and population II to native sizes >200 kDa. The percentage of
HspB1 in population I is presented (% of ratio population I to population II) (see Fig. 5A and Materials and methods). C) Control
experiment. HeLa cells, either kept untreated (NT) or treated for 1 h with 0.125 1M staurosporine, were lysed as above and the cytosolic
fractions were applied to Sepharose 6B gel filtration columns as above. The proteins present in the eluted fractions were analyzed and
gels were silver stained. Note that in response to staurosporine treatment the native size of the majority of the proteins was not altered.
Small arrows point to minor changes between the two column profiles.

12 h of treatment, HspB1 oligomerization profile was back to
normal. Hence, in response to these two inducers, HspB1 had the
gradual, but transient, tendency to concentrate in structural forms
that display large native sizes. Analysis performed in cells exposed
to either staurosporine or cytochalasin D gave intriguing results
since these inducers rapidly (during 1 to 3 h of treatment)
concentrated HspB1 in the form of small oligomers (population
I). The phenomenon was more intense in response to cytochalasin
D (85% of HspB1 in small oligomers <200 kDa) than in cells

exposed to staurosporine (72%). The phenomena were reversible
and the oligomerization profile of HspB1 was back to normal after
12 h of treatment. This later time period was characterized by the
ability of HspB1 to reform large structures (population II). Control
experiments were performed to verify that the particular changes
in HspB1 oligomerization were specific and not shared by most
cytosolic proteins. An example, shown in Fig. 3C, allows to conclude
that the redistribution of HspB1 towards small oligomers in
response to 1h of staurosporine was not shared by the bulk of



1542

EXPERIMENTAL CELL RESEARCH 316 (2010) 1535-1552

A Etoposide Fas Ab
wE—-] wE==] wE-=]

Staurosporine Cytochalasin D

wE e ]
1h|. ---]|
|

eh|- —-'--I 1h P-—--'-l

3h|—---- 9h|—v—-- | Shl.-—--——[ 3hl---
6 j—— -

|
1sh|- S | 12h Cp— 12h}._—.|
a b ¢ 8y ik

Gl‘ll‘-——-- 6h I--—n_-—l

|
1h|.~—- |
|
|
|

i2h |- - -
a b o a b b o '
Etoposide Fas Ab Staurosporine Cytochalasin D
NT 1 8 & 12h 3 &8 H2h T % 18 12k 1 & 8 “12h

ol ™ Ay o= o] S15 o | S15 e $8 R | g1 [ S N
bl e ] 575 e emay el 575 e am @l w8 570 R S o
W o an S ] sz (e am @ & sgo [ S82 v ww o+

El [ - | HSPB1 [ e = | B 1 e e s | HSPE ] | s e

(o] [ - [ ACHT [ e e | ACtin [ -

Fig. 4 - Analysis of HspB1 phosphorylation. A) HspB1 isoforms revealed by two-dimensional gel analysis. HeLa cells were either kept
untreated (NT) or treated for different time periods with the different apoptotic inducers as above. Total cellular proteins were
collected and processed for two-dimensional immunoblot analysis. HspB1 isoforms were detected by probing 2-D blots with
anti-HspB1 antibody. Autoradiographs of the ECL-revealed immunoblots are presented. The acidic end is to the right. The «a»
isoform represents the unphosphorylated form of the protein. The «b» and «c» isoforms are representative of HspB1 phosphorylated
at one or two sites, respectively. The nature of the b’ isoform is still not known. B) Inmunoblot analysis of HspB1 phosphorylation at
the three serine sites. HeLa cells were either kept untreated (NT) or treated with the different apoptotic inducers. At the time
indicated, total cellular protein contents were analyzed in immunoblots probed with antibodies that are specific for HspB1
phosphorylation at either serine 15 (ser 15), serine 78 (ser 78) or serine 82 (ser 82) (see Materials and methods). The corresponding
levels of total HspB1 and actin are shown as controls. Autoradiographs of ECL-revealed immunoblots are presented.

cytosolic proteins showing a native size larger than 200 kDa. Two
types of inducers can therefore be defined: etoposide and Fas Ab
which shift HspB1 towards large oligomeric structures and
staurosporine and cytochalasin D which rapidly concentrate
HspB1 in the form of small oligomers.

Control experiments revealed that the different apoptotic
inducers did not stimulate the expression of HspB1 (see Fig. 4B)
or other sHsps, such as those that are heat inducible, i.e. HspB5
(aB-crystallin) and HspB8 (not shown). This excludes that HspB1
could form hetero-oligomeric structures in HeLa cells committed
to apoptosis. Moreover, it should also be noted that the presence of
actinomycin D in Fas Ab treated cells excludes interference by Fas-
induced gene expression.

Apoptotic inducer-specific changes in HspB1 isoform
composition and phosphorylation

In two-dimensional gels HspB1 is resolved in several major
isoforms, denoted a, b and ¢, which correspond to the non- (a),
mono- (b) and bi- (c) phosphorylated forms of HspB1 [77]. The
minor b’ isoform originates from a still unknown modification.
Cells were exposed or not (NT) for different time periods to the
different apoptosis inducers described above. In non-treated cells,
the non-phosphorylated (a) isoform as well as the b’ and b isoforms
were detected (Fig. 4A). Isoform b results of the phosphorylation of
HspB1 induced by mitogens in the culture medium [77]. In cells
exposed to etoposide, the level of the b phospho-isoform gradually
increased (up to 3 h) while the c phospho-isoform was detectable

only after one hour of treatment. Their levels corresponded to
about half of the cellular content of HspB1. After 12 h, the isoform
composition of HspB1 was back to normal confirming the transient
nature of the phosphorylation induced by etoposide. A similar
phenomenon was observed in Fas Ab treated cells. In these cells,
the maximal accumulation of HspB1 phospho-isoforms was
observed after 6 h of treatment and after 12 h the isoform
composition was close to that observed in untreated cells. A further
treatment up to 16 h revealed a sharp decrease in the level of the b
and c isoforms suggestive of HspB1 dephosphorylation. Stauros-
porine also stimulated the level of the b and c isoforms. The
maximal effect was observed between 3 to 6 h of treatment. After
12 h, the b isoform was back to normal but the c isoform was still
present. Cytochalasin D also increased the level of the b isoform,
particularly during the 1 to 6 h period of the treatment. The ¢
isoform was detectable only after 1 h of treatment. Concerning the
non-phosphorylated b’ isoform its levels gradually decreased
during etoposide, Fas Ab and cytochalasin D treatments. In
contrast, its level increased in staurosporine treated cells.

We then tested whether the gradual increase in b and c
phospho-isoforms described above reflected uniform or differen-
tially increased phosphorylation of the different phosphoserine
sites of HspB1. Immunoblot analysis of total cellular proteins was
then performed using antibodies that specifically recognized
HspB1 phosphorylated at either serine 15 (S15), serine 78 (S78)
or serine 82 (S82) (Fig. 4B). Until 3 h of treatment, etoposide
drastically increased the phosphorylation of serine 15. A less
pronounced effect was observed at the level of serine 78. After 12 h



A C 88 669 2000 kDa
\' 7T R t2o = t 4 b

0
] E»Of ™ % J e 6 3 T — ———
£ - 70 / r18g
S 70| e / £ Py
5 gl i 80 > z o et - Hela-HspBiwt
= ‘ e # o £=3
-} 4 4 9
5 2
c 114 &
£ 3 3 -
E w0
3 2 2 120
+ >
o w | | 4
@ - 1 1 108 § = - - ;
S 10‘f Etoposide mr Fas Ab B Staurosporine Cytochalasin D | - ) - — -

0 : - 0 : —~0 ol : —~0 0 . : , | . F

128 9 12 123 9 12 Leg ~@ g ‘2 123 8 9 12 ILI;aLa-Hs;:;B1serI-asp )
25 251 25 25 ] Elopeside
% 1.5 o Y
8 " B stovosponne
£ T 4 I Cyiochalazin D
§ 2 1 7
g B, ] e e %
© 4
2 = ] /
o w
5 g 05 /
= £ 054 7
| o /
= Fas Ab 3 ] %
Etoposide as Staurosporine | Cytochalasin D :
0 ‘ ] 0 . A 0 oy ; s : 0] 4
e 6 12 1 3 6 12 N 3 6 12 15 -3 6 12

Hela-Contr

Hela-HspBiwt  Hela-HspBiserala Hela-HspBiser/asp

Duration of treatments (hours)
Fig. 5 - Quantitative analysis of HspB1 oligomerization and phosphorylation in relation to DEVDase activation. A) Changes in HspB1 native size and DEVDase activation. The
oligomerization data presented in Fig. 3B were quantified (see Materials and methods) to compare, in function of the duration of the different apoptotic treatments, the fraction of
HspB1 in the form of population I (<200 kDa) to that in population II (>200 kDa). The percentage of the calculated ratio is presented (open circles). On the same graphs, and for each
treatment, DEVDase activation index (see Fig. 1A) is reported (closed circles, dotted thick lane). B) HspB1 phosphorylation. The immunoblots presented in Fig. 4B were quantified to
determine the HspB1 phosphorylation index at either serine 15 (S15, thick line), serine 78 (S78, dotted line) or serine 82 (S82, thin line). The index was calculated as the ratio between
the values determined in cells exposed to an apoptotic inducer to that observed in non-treated cells. The index value of 1 (horizontal thin dotted line) represents the phosphorylation
observed in non-treated cells. Report to (A) for the corresponding percentage of HspB1 in population I (<200 kDa) and DEVDase activation index. C-D) Effects of phosphorylation
mutants on HspB1 oligomerization and caspase activation. HeLa cells were transiently transfected with pKS27wt (wild type HspB1), pKS2711-3A (3 phosphoserine sites replaced by
alanine) or pKS2711-3D DNA vector (3 phosphoserine sites replaced by aspartic acid) (see Materials and methods). Control experiment was performed using an empty pKS vector.
Transiently transfected cells were treated or not for 6 h with the apoptosis inducers (as above) before being analyzed. C) HspB1 native size. Experiment was as described in Fig. 3B
except that more fractions of the column were analyzed to include native sizes up to 2000 kDa. D) DEVDase activation. Experiments were performed as described in Fig. 1B using
caspase-glo® 3/7 assay kit (Promega, Charbonniéres, France). DEVDase activation index was determined, for each apoptotic treatment, as the ratio between the activity measured in
extracts of cells transfected with a specific vector (HeLa Hsp27wt, HeLa Hsp27ser/ala or HeLa Hsp27ser/asp) to that measured in extracts of cells transfected with the empty vector
(control HeLa). The histograms shown are representative of three identical experiments, standard deviations are presented (n = 3). 1.0 corresponds to the DEVDase activity induced by
the different inducers in control HeLa cells.

7SS1-6€61 (010C) 91€ HOYVASIY 114D TVININI¥IIXAT

eval



1544 EXPERIMENTAL CELL RESEARCH 316 (2010) 1535-1552

of treatment, phosphorylation of serines 78 and 82 was less
intense than in non-treated cells. Hence, the high level of b isoform
(see Fig. 4A) probably corresponds to serine 15 and 78 phosphor-
ylation. In response to Fas Ab, phosphorylation of serine 15 began

to increase after 3 h of treatment and was maximal 3 h later. After
12 h, its level was almost back to normal. Serine 78 showed a
rather similar kinetic of phosphorylation except that the stimula-
tion was already intense after 3 h and decreased less rapidly than
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in the case of serine 15. Concerning serine 82, the stimulation was
already intense after 1 h of treatment and was still elevated 5 h
later. As indicated above in the case of etoposide, a good
correlation was observed between the maximal phosphorylation
of the serine sites and the highest level of accumulation of the b
and c isoforms (see Fig. 4A). In response to staurosporine, the
maximal level of phosphorylation of serines 15 and 78 occurred
between 3 to 6 h of treatment, in agreement with the highest level
of the b and c isoforms (Fig. 4A). However, as in the case of Fas Ab,
serine 78, in contrast to serine 15, showed an increased
phosphorylation early after the beginning of the treatment (3 h)
that still remained elevated 9 h later. Phosphorylation of serine 82
showed a completely different kinetic of phosphorylation. The
maximal effect was observed after 1 h. Then, it decreased very
slowly and was still intense after 12 h of treatment. The presence
of the b and c phospho-isoforms at this time period (see Fig. 4A)
may therefore result in serine 78 and 82 intense phosphorylation.
Analysis of the effects induced by cytochalasin D revealed kinetics
of HspB1 phosphorylation that had no common features with
those induced by etoposide, Fas Ab or staurosporine. Indeed, only
serine 15 showed an intense phosphorylation that remained about
constant all over the time period of the analysis. In contrast,
serines 78 and 82, after a short period of stimulation, were
gradually dephosphorylated. After 12 h of treatment, the main
phosphorylated site of HspB1 was serine 15 which corresponded
to the b isoform (see Fig. 4A). In these cells, the gradual overall
decrease in the level of b isoform observed after 1 h of treatment
may therefore be a consequence of the dephosphorylation of
serines 78 and 82.

Quantitative analysis of the dynamic and inducer-specific
changes in HspB1 oligomerization and phosphorylation in
respect to caspase activation

To estimate the significance of the changes in oligomerization and
phosphorylation of HspB1 with respect to its anti-apoptotic activities,
we first compared, in each condition, the percentage of HspB1 in
small oligomers to that of DEVDase activation. A compilation of the
data presented in Figs. 1B and 3B is presented in Fig. 5A. In this figure
the percentage of HspB1 in small oligomers (<200 kDa, populationI)
as well as the DEVDase activation index is presented in relation to the
duration of the treatments with the different inducers. Based on the
results presented in Fig. 4B, the phosphorylation stimulation index of
each serine site was also determined for each inducer (Fig. 5B). The
index of one particular phosphoserine site was calculated as the ratio

between the values determined in inducer treated cells to those
observed in non-treated cells. To compare for each time point, the
percentage of HspB1 which is phosphorylated, in the form of small
oligomers (<200 kDa, population I) and DEVDase activation, the
phosphorylation data are presented below those describing oligo-
merization-DEVDase activation.

It can be concluded from Fig. 5A that the shift of HspB1
oligomers towards large molecular masses (population II) ob-
served in response to the first class of inducers (etoposide and Fas
Ab) occurred when DEVDase activation was still weak. Then, in
both cases, the maximal changes in HspB1 oligomerization
corresponded to a time period characterized by the logarithmic
activation phase of DEVDase. Thereafter, DEVDase activity contin-
ued to increase while HspB1 oligomerization was back to normal.
Hence, one hypothesis could be that HspB1 redistributes towards
large oligomers (population II) to counteract DEVDase activation
since, in cells containing 40% less of this protein, DEVDase
activation occurred more rapidly and was 1.5- to 2-fold more
intense (see Fig. 1E). Analysis of the second class of inducers
(staurosporine and cytochalasin D) revealed that the transient
accumulation of HspB1 in the form of small oligomers (<200 kDa,
population I) was a rapid phenomenon. In staurosporine treated
cells, it even preceded DEVDase activation. Thereafter, HspB1
reformed large oligomers and their appearance was concomitant
with the time period where DEVDase activation was drastically
enhanced. As described above for the first class of inducers, at later
time period DEVDase activity continued to increase while HspB1
native size profile was back to that observed in untreated cells.
These particular and rather similar behaviors induced by the
second class of inducers are intriguing and suggests that HspB1
small oligomers may interfere with early events triggered by these
inducers. The reformation of large oligomers at later time period
may be related to DEVDase activity as described above in the case
of etoposide and Fas Ab treatments. In this respect, only
staurosporine and cytochalasin D induced the rapid destruction
of F-actin fibers (see Fig. 2A); the phenomenon being more intense
in cytochalasin D treated cells. Indeed, between 1 and 3 h of
treatment these fibers were destroyed; a time period which
corresponded to the maximal accumulation of HspB1 in the form
of small oligomers. Since small phosphorylated oligomers of
HspB1 are known to act as F-actin stabilizers that interfere with
cytochalasin D disrupting activity [31], one possibility hence exists
that the early change observed in HspB1 structural organization in
response to staurosporine and cytochalasin D may be related to F-
actin stabilization.

Fig. 6 - Native size of phosphorylated HspB1 in HeLa cells exposed to apoptotic inducers or heat shock. A) Apoptotic inducers.
HelLa cells were either kept untreated (NT) or treated as before with the different apoptotic inducers. At the time indicated,
10,000 x g cytosolic fractions were analyzed by gel filtration column as described in Fig. 3B and Materials and methods. Immunoblot
analysis of the proteins present in the pooled fractions was performed using antibodies that are specific to either total or
phosphorylated (Ser15-P, Ser78-P or Ser82-P) HspB1. In each condition, the oligomerization profile of total HspB1 is shown to better
visualize the oligomers that show modified level of phosphorylation (indicated as HspB1 and marked by a dark line surrounding
immunoblots). B) Effect of heat shock. HeLa cells, treated for 1 h at 42 °C followed or not by a 3 h recovery period at 37 °C, were
analyzed as described in (A). Quantification was performed as described in Materials and methods and presented as percentage of
the total and/or phosphorylated HspB1 present in the three size fractions of the column. In spite of the fact that the profile of
phosphorylated oligomers is specific to each condition it is mainly recovered in three major structural organizations: oligomers
whose size is smaller than 150 kDa, oligomers that display a native size comprised between 150 and 400 kDa and those that have a

larger size.
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Analysis of Fig. 5B allows to conclude that the stimulation of
phosphorylation in response to the different inducers is an early
event that corresponds to the time period when HspB1 changes its
oligomerization pattern and when DEVDase is only weakly activated.
However, each inducer activates HspB1 phosphorylation differently.
Serine 15 was the major phosphorylated site in response to
cytochalasin D while serine 78 was highly stimulated by staur-
osporine. Serine 82 was only efficiently stimulated in response to Fas
Ab and was rapidly dephosphorylated after a short period of
stimulation in etoposide and cytochalasin D treated cells.

To approach the question of how critical phosphorylation is in
relation to HspB1 oligomerization profile and ability to counteract
caspase activation, we transiently transfected HeLa cells with DNA
vectors encoding either HspB1 wild type, non-phosphorylatable or
phospho-mimicry mutant [6]. The experiment was performed
with the aim that the transfected exogenous HspB1 polypeptide
would interact with the endogenous and constitutively expressed
HspB1 and, if mutated, would act as a dominant mutant spreading
its effect at the level of the resulting mosaic oligomeric structures.
Following transfection with wild type HspB1 DNA vector, the
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overall oligomerization profile of HspB1 (exogenous plus endog-
enous) was not changed (Fig. 5C). This correlated with an
increased cellular resistance to DEVDase activation (30 to 40%
depending on the inducer) (Fig. 5D). Transient expression of the
non-phosphorylatable (the 3 phosphoserines 15, 78 and 82
replaced by alanines — Ser to Ala) mutant drastically altered the
oligomerization of HspB1 which was now recovered in small and
very large (up to 2000 kDa) structures. Hence, exogenous mutated
HspB1 can modify the structural organization of endogenously
expressed HspB1, probably through mutual interactions. Transient
expression of the non-phosphorylatable mutant reduced the gain
in protective activity generated by wild type HspB1 against Fas and
cytochalasin D and was toxic in cells exposed to etoposide and
staurosporine. Indeed, in these cells a dominant negative effect
toward endogenous HspB1 was observed that resulted in the
stimulation of DEVDase activity. HspB1 oligomerization profile
observed in cells transfected with the phospho-mimicry (the 3
phosphoserines 15, 78 and 82 replaced by aspartic acid — Ser to
Asp) mutant resembled that observed in non transfected or empty
vector transfected cells, except for the presence of HspB1 in very
large (up to 2000 kDa) structures and a more intense signal in the
400 to 700 kDa range. In these cells, an increased cellular
resistance to DEVDase activation was observed that resembled
that induced by wild type HspB1 and appeared even more intense
in the case of cytochalasin D. Hence, in contrast to the non-
phosphorylatable mutant, addition of a phospho-mimicry nega-
tively charged HspB1 appears rather iniquitous to wild type
HspB1. These observations, in spite of giving no information on the
precise role of each phosphoserine site, nevertheless show that
phosphorylation modulates HspB1 protective activity against
caspase activation.

Inducer-specific phosphorylation of three different HspB1
oligomeric sub-structures

We next analyzed the phosphorylation of the different oligomeric
structures of HspB1. To do so, immunoblots from the analysis of

HspB1 native molecular masses were probed with antibodies that
recognize phosphorylated serine 15 (Ser15-P), 78 (Ser78-P) and
82 (Ser82-P). It is seen in Fig. 6A that, in non-treated HeLa cells,
three HspB1 populations could be defined, based on their native
sizes (<150 kDa, 150-400 kDa and >400 kDa), which concentrat-
ed the different phosphorylated serines. Oligomers of less than
150 kDa contained all phosphoserine 15 present in HspB1 and 57%
of phosphoserine 82; the remaining being at the level of the large
oligomeric structures. The medium sized oligomers (150 to about
400 kDa) were only phosphorylated at the level of serine 78, a
phosphoserine recovered only in these structures. HspB1 with
native masses larger than 400 kDa was phosphorylated solely at
the level of serine 82 (43% of total HspB1 content of this
modification). We next analyzed the effect of 3 h of etoposide
treatment when HspB1 showed maximal phosphorylation
(Fig. 4B) and began to redistribute towards large oligomeric
structures (Fig. 3B). Phosphoserine 15 had a distribution close to
that observed in untreated cells, except for a fraction that shifted
towards larger native sizes. Only minor changes were observed in
the level (see Fig. 4B) and oligomeric distribution of phosphoser-
ine 82. The major drastic change was observed at the level of
phosphoserine 78 which, instead of being in the 150-200 kDa
range, was now recovered in small oligomers (up to about 66 kDa)
(43%) and in structures larger than 400 kDa (51%). A similar
distribution was already observed after only 1 h of treatment or at
later time periods (not shown). In the case of Fas Ab treated cells,
the effects were analyzed after 6 h of treatment when HspB1
showed its highest level of phosphorylation (at the level of the
three serine sites) and drastically redistributed in two populations,
the major one being the large oligomeric structures (>400 kDa). In
response to Fas Ab, only minor changes were observed such as the
slight shift of phosphoserine 15 and 78 towards smaller oligomeric
sizes and the more intense presence of phosphoserine 82 in the
small oligomers. Hence, in contrast to the effect mediated by
etoposide, in Fas Ab treated cells the formation of large oligomers
was not concomitant with the redistribution of phosphoserine 78
towards large oligomeric structures. Consequently, the large

Fig. 7 - Scheme of putative HspB1 structural organization and functions. A) Representation of HspB1 phosphorylation in the three
size fractions defined in Fig. 6. It is hypothesized that non-phosphorylated and phosphorylated HspB1 polypeptides have the same
ability to oligomerize and form mosaic structures. Color chart was used to distinguish between dephosphorylated (40 to 60% of total
HspB1, see 2-D blot analysis in Fig. 4A) and phosphorylated (serines 15, 78 and 82) HspB1 polypeptides (Figs. 4B, 5B and 6). The
percentage of total HspB1 present in each oligomeric size fraction is indicated. Arrows point to the redistribution of the oligomers
towards small or large native sizes, a phenomenon that depends on the inducer and on the duration of the treatment. Note that the
large (serine 82 phosphorylation) and medium sized (serine 78 phosphorylation) oligomeric structures induced by Fas Ab resemble
those observed in normal unstressed cells. The medium (weakly phosphorylated) and large (serine 78 and 82 phosphorylation)
oligomeric structures observed in etoposide treated cells resemble those that reform after several hours of staurosporine treatment.
In contrast, the large structures that reform after several hours of treatment with cytochalasin D are dephosphorylated while those
that form during heat shock recovery show a unique phosphorylation pattern at the level of serines 15 and 82. B) Putative functions
of HspB1 oligomeric structures. Staurosporine and cytochalasin D induce the rapid accumulation of small phosphorylated (serines
15, 78 and 82) oligomers of HspB1. One hypothesis is that they attenuate F-actin disruption induced by these inducers. In contrast,
the phosphorylated pattern of the middle-sized and large oligomers is complex and inducer-specific. Intriguingly, the large
structures that accumulate in etoposide and Fas treated cells (as well as those which reform in response to staurosporine and
cytochalasin D) display inducer-specific patterns of phosphorylation. Whether these structures play roles in apoptotic events by
interacting with specific regulators will remain to be determined. Since, the heat induced HspB1 oligomeric structures that entrap
misfolded polypeptides have a different phosphorylated pattern, this raises the question as to whether the oligomeric structures
that form in response to apoptotic stimulations behave as “heat-shock like” ATP-independent chaperones or not.
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oligomers formed in response to Fas Ab contained only phosphoser-
ine 82 (40%), as observed in untreated cells. Analysis of staurosporine
treated cells was performed after 1h of treatment when HspB1
phosphorylation was intense and when this protein had the tendency
to concentrate in small structures (see Figs. 3B and 5A). The
remaining large structures showed a decrease in phophoserine 82
which concentrated in small oligomers. In contrast, the medium sized
oligomers gained a fraction of total phosphoserine 15 (up to 39%) but
had lost their phosphoserine 78 content which shifted towards
smaller oligomers. After 3 h of treatment, concomitantly with the
reformation of large oligomeric structures, phosphoserine 82 was
back in the >400 kDa range and phosphoserine 78 displayed a
surprising dual redistribution between the small and large oligomers,
as observed in etoposide treated cells. No major changes were
observed at the level of phosphoserine 15. Concerning cytochalasin D,
the analysis was performed after 3 h of treatment when most of
HspB1 was in the form of small or medium sized highly phosphor-
ylated oligomers (see Figs. 3B and 4B). The small oligomers contained
mostly phosphoserines 15 and 78. Compared to non-treated cells, the
distribution of phosphoserine 82 was highly modified and recovered
essentially in the medium sized oligomers. After 6 h of treatment, the
large structures (>400 kDa) reformed without being phosphorylat-
ed. No other major changes were observed between 3 and 6 h of
treatment. Concerning serine 15, which displayed the major
phosphorylated stimulation in response to cytochalasin D, its
distribution among the oligomers was rather similar to that observed
in non-treated cells. Hence, in contrast to what was observed in
response to staurosporine, the reformation of large oligomers in
cytochalasin D treated cells occurred in the absence of their
phosphorylation.

We then tested whether the complex and inducer-specific dis-
tribution of the three phosphoserines among oligomeric structures
showed some resemblances with the well known phosphorylation
of HspB1 that occurs in cells exposed to heat shock. Indeed, an early
effect of heat shock is the redistribution of HspB1 in the form of small
oligomers consequently of its intense phosphorylation [48]. Subse-
quently, large oligomeric structures reform [5] and act as reservoirs
for misfolded polypeptides. Of interest, in thermotolerant cells, no
changes in the structural organization and phosphorylation of HspB1
are observed, hence suggesting that they are directly correlated to
the severity of the heat shock treatment [5]. Analysis was performed
in HelLa cells exposed 1 h at 42 °C and allowed to recover or not for
3 hat37°C. Itis seen in Fig. 6B that, immediately after heat shock,
HspB1 was quantitatively recovered in highly phosphorylated small
(60-150 kDa) (65%) and medium (150-200 kDa) sized oligomers
(35%). Heat shock shifted phosphoserines 78 and 82 from the
medium sized oligomers to smaller ones. After allowing cells to
recover for 3 h at normal temperature, HspB1 reformed large oligo-
meric structures (42%). In contrast to the effects mediated by the
apoptotic inducers, the reformation of large oligomers after heat
shock occurred concomitantly with the phosphorylation of both
phosphoserines 15 (26%) and 82 (39%). Analysis made 3 h later gave
similar results (not shown). Hence, HspB1 oligomerization and
phosphorylation are complex and inducer-specific processes. The
data presented here are summarized in Fig. 7. In this schematic
representation, it is postulated that the non-phosphorylated
(about 40 to 50% of the protein) and phosphorylated HspB1
polypeptides share the same ability to interact and form mosaic
hetero-oligomeric structures. However, it cannot be excluded
that the phosphorylated polypeptides may preferentially interact

with each other and form different types of phosphorylated
oligomeric structures.

Discussion

HeLa cells are characterized by a high level of constitutive
expression of HspB1. Numerous studies, including ours, have
shown that HspB1 is an anti-apoptotic polypeptide. Here, analysis
of inducers that have similar apoptotic efficiency (etoposide, Fas
Ab and staurosporine), but activate different pathways, revealed
some inducer-dependent variability in HspB1 ability to counteract
caspase activation. The protective activity against cytochalasin D
was more difficult to interpret since this inducer was less efficient.
These results nevertheless suggest that HspB1 has different
strategies to negatively modulate transduction pathways up-
stream of the execution phase of apoptosis. Analysis of the effects
mediated by the different inducers at the morphological level
revealed that both etoposide and Fas Ab induced the appearance of
HspB1 positive, but Hoechst negative, cell surface membrane
blebs. Membrane blebbing, which is a fairly general response of
cells to stress, is also considered as a hallmark of apoptosis
commitment which requires the presence of cell periphery F-actin
fibers, as observed in etoposide and Fas treated cells [70,79,80].
The phenomenon was not observed in response to staurosporine
and cytochalasin D, probably because these drugs rapidly disrupt
F-actin network [71-73].

Gel filtration analysis revealed major and inducer-specific
changes in the heterogeneous native size distribution of HspB1.
Of interest, these changes were transient and could have resulted in
HspB1 rapid involvement to interfere and delay cytochrome c
release from mitochondria and DEVDase activation. Indeed, after
about 12 h of treatment with the different inducers, the native size
distribution of HspB1 was back to that observed in non-treated
cells, that is about equal distribution between two major
oligomeric populations. Population I (50-200 kDa) contained the
small and medium sized oligomers of HspB1 while population II
(200-700 kDa) was made of medium sized and large oligomers
[76] and probably also of complexes formed by HspB1 bound to
polypeptides involved in apoptosis regulation. Two classes of
inducers could be defined: etoposide and Fas Ab which had the
gradual tendency to increase HspB1 native sizes (population II) and
staurosporine and cytochalasin D which first concentrated HspB1
in small oligomers (population I) before they later induced the
reformation of large structures (population II). Concerning the
second class of inducers, the effect was more intense in response to
cytochalasin D than in cells exposed to staurosporine; a phenom-
enon which correlated with the rapid F-actin network disrupting
activity triggered by these inducers. Hence, it could be hypothe-
sized that HspB1 rapidly concentrates in the form of small
oligomers to interfere with an F-actin disruption dependent
upstream apoptotic pathway. This assumption is supported by
the following observations: i) HspB1 small phosphorylated
oligomers are known to protect against F-actin disruption [31],
and ii) the lack of accumulation of HspB1 in small oligomers in
response to etoposide and Fas Ab, two inducers that do not rapidly
disrupt F-actin. The formation of cell periphery F-actin fibers and
membrane blebs generated by these inducers is probably not
sensed by HspB1 as being toxic enough to generate its accumula-
tion in small oligomers. By comparing the dynamic changes in
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HspB1 native size to DEVDase activation, it was concluded that they
were early phenomena, particularly the increase in population I,
which occurred before the onset of the exponential phase of
DEVDase activation. In contrast, the accumulation of HspB1 in the
form of large structures, which was observed later in response to all
inducers, was concomitant with DEVDase activation. Thereafter,
HspB1 native size regained its normal pattern despite the still
increasing DEVDase activity. The formation of HspB1 large
oligomeric structures may therefore be an attempt to interfere
and delay DEVDase activation. This hypothesis is supported by the
fact that the large oligomers of recombinant HspB1 inhibit
DEVDase activation in cell free post-mitochondrial caspase activa-
tion assay [36].

Transfection with DNA vectors expressing phospho-mimicry
and non-phosphorylatable mutants confirmed the essential role of
phosphorylation in the structure dependent anti-apoptotic activity
of HspB1. However, future work will have to determine the precise
role played by each phosphoserine site. This could be achieved by
using specific mutants expressed in human cells that are devoid of
sHsp constitutive expression to eliminate the problem caused by
the formation of mosaic oligomeric structures that modulate the
effects of the mutations. In response to the different inducers,
HspB1 phosphorylation transiently increased until about half of the
cellular content of the polypeptide was phosphorylated. However,
subtle and inducer-specific changes were detected at the level of
HspB1 three phosphoserine sites. For example, serine 15 was the
more proeminent phosphorylated site in response to etoposide and
cytochalasin D while serine 78 was the preferred serine site in
response to staurosporine and to a less extent to Fas Ab. In contrast,
Fas Ab was the only inducer to stimulate the phosphorylation of
serine 82, a residue that was rapidly dephosphorylated in
etoposide and cytochalasin D treated cells. Nevertheless, quanti-
fication of the phenomena and analysis of the kinetics revealed that
the major changes occurred early during the treatments, concom-
itantly with changes in HspB1 native size and before the intense
stimulation of DEVDase activity. To perform more in-depth analysis
we determined the level of phosphorylated serines in HspB1
oligomeric populations. Surprisingly, the phosphorylated serines
decorated three distinct HspB1 populations, characterized by
native sizes of less than 150 kDa, 150 kDa to about 400 kDa and
larger than 400 kDa. This particular pattern of HspB1 phosphory-
lation showed marked changes that were inducers and duration of
the treatment specific. In non-treated cells, small oligomers
contained the majority of phosphoserine 15 and a fraction of
total phosphoserine 82. The medium sized oligomers were
specifically phosphorylated at the level of serine 78 while the
population characterized by large native sizes contained only
serine 82. Drastic and specific changes were mediated by the
inducers: for example, the main effect of etoposide was to shift
serine 78 phosphorylation from the medium sized oligomers to the
small and large ones. The resulting population of large oligomers
was then phosphorylated at the level of both serines 78 and 82. A
similar effect on phosphoserine 78 was observed after several
hours of staurosporine treatment when HspB1 large structures
reformed. In contrast to etoposide, the large oligomeric structures
that accumulated in response to Fas Ab showed a pattern of
phosphorylation similar to that observed in normal unstressed cells
while the large structures that reformed after several hours of
treatment with cytochalasin D were completely dephosphorylated.
Hence, only etoposide and staurosporine shared a similar size

redistribution of phosphoserine 78 when large oligomers were
forming. Of interest, these two inducers are also those that
exacerbate DEVDase activity in cells transiently expressing the
Ser to Ala non-phosphorylatable HspB1 mutant (probably com-
plexed to endogenous wild type HspB1). This suggests a crucial role
for phosphoserine 78 in response to these two inducers.
Concerning phosphoserine 82, only cytochalasin D altered its
distribution and induced its accumulation in medium sized
oligomers. In this regard, in cells exposed to cytochalasin D,
HspB1 phospho-mimicry mutant complexed to endogenous HspB1
stimulated the protection against DEVDase activation. It is
intriguing to note that the large HspB1 oligomeric structures that
form during heat shock recovery are specifically phosphorylated at
the level of serines 15 and 82. This suggests that a special form of
HspB1 oligomers is active in heat stressed cells which may be
related to the “holdase molecular sponges” activity described in
vitro to entrap denatured client polypeptides [24-26,81,82].
Consequently, in cells committed to apoptosis, the significance of
the complex and inducer-specific changes in HspB1 oligomeriza-
tion and phosphorylation is not yet clear (see Fig. 7). One possibility
could be that these changes are required to target and hold a large
number of crucial and inducer-specific client polypeptides that
regulate apoptosis. Indeed, in vitro, phosphorylation in the N-
terminal domain of sHsp has been suggested to be important for
the process of recognition and binding to particular substrates [83]
and for changing their conformation, as for example to render them
aggregation-incompetent [78]. However, in vitro sHsp data should
be interpreted with caution since they are generated without the
dynamic and complex signaling-related/damage-dependent
responses that are clearly reported here to occur in living cells.

Conclusions

In response to apoptotic stimulation induced by either etoposide,
Fas agonist antibody, staurosporine or cytochalasin D, HspB1
shows inducer-specific changes in its localization, oligomeric size
and phosphorylation that differed from those observed after heat
shock. These complex changes could be related to the ability of
HspB1 to interfere with inducer-specific events, as for example the
rapid disruption of F-actin architecture induced by cytochalasin D
and staurosporine. Hence, HspB1 appears to have multiple and
complex strategies to negatively modulate apoptotic programs.
This raises the question as to whether HspB1 acts as a “heat-shock
like” ATP-independent chaperone in cells exposed to apoptotic
inducers. Moreover, the complex changes in HspB1 structural
organization described here could be key parameters that will
have to be taken into account to design strategies aimed at
negatively modulating HspB1 anti-apoptotic functions in human
cancer cells expressing high levels of this protein.
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PUBLICATION 3 - Characterization of specific peptide aptamers targeting Hsp27

tumorigenic activities.

En révision Cancer Research

Les protéines de choc thermique ont été décrites comme une classe de protéines subissant
une modification de leur niveau d’expression en réponse a différents changements néfastes de
I’environnement générant un stress cellulaire. Lorsqu’elles sont surexprimées, la grande majorité
des Hsp procurent une forte protection contre la mort cellulaire et plus particulierement contre
I’apoptose. Ainsi, les Hsp appartiennent a la catégorie émergente des protéines de survie dont la
principale fonction est d’inhiber la mort apoptotique comme Bcl-2 ou la Survivine.

Notre étude est centrée sur la petite protéine de Hsp27 qui est une cible thérapeutique
majeure en cancérologie. Dans ce contexte nous avons cherché une approche permettant d’inhiber
ses activités anti-apoptotiques et tumorigenes. Nous avons choisi I’approche des aptameres
peptidiques en collaboration avec la société Aptanomics. Nous avons ainsi recherché des
molécules capables de se lier spécifiquement a Hsp27 et d’inhiber son activité.

Les aptameres sont des petites molécules artificielles formées, dans notre étude, de
peptides de 8 a 13 acides aminés de séquences aléatoires, intégrés dans une plate-forme rigide
formée par la thioredoxine A d’E.coli et qui possedent une structure tridimensionnelle conduisant
a une interaction spécifique du peptide avec des partenaires protéiques (Braines et Colas, 2006).
La thioredoxine bactérienne est inactivée par la présence du peptide et, dans ce contexte, la
séquence peptidique est stable et non dégradée. On peut définir les aptaméres peptidiques comme
des anticorps artificiels capables de fournir une inhibition allostérique, par compétition ou par

perte d’activité enzymatique de leur cible protéique (Colas ef al., 1996).

Les aptameres peptidiques ciblant Hsp27 ont été sélectionnés a partir d’une banque par
crible double hybride en levures. Cette technique permet de visualiser des interactions entre une
protéine et sa cible par activation de différents genes dont le rapporteur codant la B-galactosidase.
Le mélange de deux banques d’aptameres possedant des régions variables respectivement de 8 et
13 acides aminés, a été criblé par la technique du double hybride de levure. La complexité de
séquences de la région variable de chaque banque d’aptameres est estimée a 1 milliard. 180 clones
présentant une interaction aptamere/Hsp27, symbolisée par la synthese de B-galactosidase, ont été
isolés. Les vecteurs codant les aptameres ont ensuite été individuellement extraits des 180 clones

de levures.
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Les séquences codant les peptides de la région variable des aptameéres, insérées dans la
plateforme thioredoxine ont été déterminées apres confirmation des interactions entre Hsp27 et les
aptameres. Une séquence consensus apparait étre commune a 50% des aptameres isolés.

Afin de cartographier les régions d’interactions entre Hsp27 et les aptameres, nous avons
établi une matrice d’interaction. Cette derni¢re permet d’étudier en double hybride de levure, les
interactions entre la protéine Hsp27 et ses différents mutants avec tous les aptameres isolés. Nous
avons pu mettre en évidence une absence d’interaction entre les aptameres sélectionnés et de
nombreux mutants de Hsp27. La délétion des acides aminés 141-175 du domaine o -cristallin
semble étre primordiale pour les interactions entre monomeres de Hsp27. Par ailleurs, la
spécificité d’interaction entre Hsp27 et les aptameres a été déterminée par des tests d’interaction
entre les aptameres et 1’aB-cristallin et son mutant R120G, dont les séquences présentent une
grande homologie avec celle de Hsp27. De nombreux aptameres (45%) interagissent également
avec ’aB-cristallin et la forme mutante R120G. Ces aptameres ne présentent donc pas une grande
spécificité pour Hsp27 et n’ont pas été conservés pour la suite de 1I’étude. En effet, il semble
possible que la présence des aptameres puisse perturber les phénomenes dynamiques

d’oligomérisation qui régissent les fonctions biochimiques de Hsp27.

Les aptameres ont été reclonés dans des vecteurs d’expression mammifeéres. Nous avons
sélectionné deux aptameres PA11 et PASO isolés lors d’un premier crible de mort cellulaire. 11
apparait que la présence de ces aptameres induit un effet délétére pour la survie de cellules
cancéreuses traitées avec différents agents chimiothérapeuthiques, tels que le cisplatine et la
doxorubicine. De plus, nous avons montré que la présence des aptaméres favorisait la mort par
apoptose liée a une importante activation de la caspase 3.

Il apparait que PAS50 perturbe la dimérisation de la protéine de maniere identiquea celle du
mutant Hsp27-C137A (Diaz-Latoud et al., 2005). La dimérisation est un événement clef dans la
formation de formes oligomériques fonctionnelles. PA11 perturbe la dynamique de formation des

structures de haut poids moléculaire ce qui peut semble conduire a leur inactivation fonctionnelle.

Nous avons réalisé des tests in vivo de l'activité des aptameres sur un modéle murin.
L’effet pro-apoptotique des aptaméres a été analysé dans des cellules SQ20B de carcinome
squameux du cancer téte-cou (head and neck cancer) surexprimant fortement Hsp27. Des lignées
exprimant de manicre stable les aptameres 11 et 50 ainsi que des aptameéres ne ciblant pas Hsp27
ont été construites. En parallele, cette étude a été réalisée avec une lignée exprimant le shRNA

ciblant Hsp27. 11 a été montré que les aptameres conférent un effet radio sensibilisant comme il
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avait été montré au cours d’une précédente étude en utilisant un shARN ciblant Hsp27 (Aloy et
al., 2008). Les cellules de ces lignées ont été réinjectées dans des souris Nude. Apres obtention de
xénogreffes, un suivi de croissance tumorale a été réalisé. Il apparait ainsi que les tumeurs
exprimant les aptameres et le ShRNA se développent 70% moins rapidement que celles contenant
les aptameres controles ou I’ARN interférant controle. De plus, les analyses cytologiques montrent
une réduction de la prolifération cellulaire et une mort cellulaire accrue dans les tumeurs issues de
cellules contenant les aptameres. Le ciblage de Hsp27 par les aptameres inhibe donc la
tumorigenese de la méme maniere qu'une stratégie de ciblage via I’interférence ARN. Nous avons
pu montrer que le cycle cellulaire était bloqué en phase G2, en corrélation avec 1’accumulation du

marqueur de sénescence p21 wafl.

Nous avons donc pu caractériser deux aptameres qui semblent avoir des activités
différentes. Les aptameéres peptidiques semblent étre un outil prometteur pour le ciblage des
protéines anti-apoptotiques comme Hsp27. Ils sont capables de perturber les fonctions
cytoprotectrices de cette protéine sans moduler son taux de synthese. Ils permettent d’envisager
des solutions de ciblage spécifique pour des protéines dont les fonctions dans la cellule sont
multiples et dont les structures supramoléculaires ne sont pas totalement déterminées. Par ailleurs,
la modélisation de la structure tridimensionnelle des peptides contenus dans le site actif, peut
conduire a établir une recherche de molécules chimiques agonistes de I’effet des aptameres (Guida

et al., 2008).
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Abstract

Human heat shock protein 27 (Hsp27, HspB1) is an anti-apoptotic protein characterized for its
tumorigenic and metastatic properties and now referenced as a major therapeutic target in many
types of cancer. Hsp27 biochemical properties rely on a structural oligomeric and dynamic
organization. Down regulation by siRNA or inhibition with dominant-negative mutant have proven
their efficiency to counteract the anti-apoptotic and protective properties of Hsp27. In the present
study we report the isolation and characterization of Hsp27 targeted molecules interfering with its
structural organization. Using the Peptide Aptamer (PA) strategy, we isolated PAs that specifically
interact with Hsp27 and not with the other members of the small heat shock proteins family (sHsp).
In mammalian cell cultures, PAs expression perturbed the dimerization and oligomerization of
Hsp27 and acted as negative regulators of the anti-apoptotic and cytoprotective activities of this
protein. Further studies in SQ20B cell xenographts in immunocompromised mice showed that PAs
strongly reduced tumor development through cell cycle arrest. Our data suggest that PAs could

provide a potential tool to develope strategies for the discovery of Hsp27 chemical inhibitors.



Introduction

Hsp27 belongs to the family of “survival proteins”, which also includes other members of Hsps
family, anti-apoptotic BH3, survivin and IAPs family. This stress protein can interfere with a
pleiotropic number of cell death pathways induced by heat shock, oxidative stress or death receptor
agonist (1, 2). Hsp27 directly interferes with upstream events or key components of the apoptotic
cascade like cytochrome-c release from mitochondria, procaspase-3, or DAXX, a mediator protein on
Fas/Apol induced apoptosis (3-5). Hsp27 can modulate cell proliferation by interacting with the Akt
pathway, which plays an important role for the survival of many types of cancer cells (6). Expression
of Hsp27 is up regulated in numerous types of tumors (particularly breast, colon, ovarian and head and
neck tumors) and promotes unfavorable outcome (7). Overexpression of this protein is frequently
associated with increased resistance to radiotherapy and to anti-cancer drugs like cisplatin,
doxorubicin, etoposide (8-10). Others and we have shown that targeting Hsp27 by antisense strategy
increases cancer cell death in vitro and in vivo (11, 12).

Hsp27 pleiotropic functions are dependent on its three-dimensional structure. Hsp27, like the
other members of the small Hsps family, presents an o-crystallin domain and can form different
oligomeric structures of variable size, from 27 to 800 kDa. This phenomenon depends on the
phosphorylation status of three serine residues, mostly controlled by the MAPKAPK?2, 3 (13). Every
oligomeric form may display a different role, present various biochemical functions and interact with
multiple partners. Disturbing these oligomeric structures allows to interfere with Hsp27 biochemical
properties and may inhibit tumor growth.

Since anti-sense technologies are not easy to handle in vivo, the use of specific peptides that inhibit
the anti-apoptotic activity of Hsp27 by interfering with its biochemical properties without altering its level
of expression could lead to a new approach for anti-cancer therapies. We have previously shown that
dominant negative mutants of the protein disrupt several functions of Hsp27 (14). Here, we used a
new approach to specifically target and inhibit Hsp27. Peptide aptamers (PAs) are made of short

peptides of random sequence inserted into a scaffold protein, (here, the thioredoxin A (=TrxA) of E.



Coli). The role of the scaffold is to display a conformationally constrained sequence of amino acids
and to stabilize them in the cellular environment. PAs can specifically bind to and modulate the
activities of a wide range of intracellular proteins including oncogenes, transcription factors, cell-cycle
regulators, etc (15-17).

In this study, we characterized two aptamers that functionally inhibit Hsp27 and sensitize cancer
cells to apoptosis in vitro and in vivo by disrupting the biochemical functions of the protein. This
study confirms that Hsp27 is a therapeutic target in cancer and provides promising guides for the

discovery of chemical inhibitors of Hsp27.

Materials and Methods

Reagents.

Nonidet P-40, Triton X-100, desoxycholic acid, dithioerythritol, staurosporine, doxorubicin,
cisplatin and G418 were from Sigma. Cell culture media and complements were from Invitrogen
(Cergy Pontoise). Anti-caspase-3 was from Alexis Biochemical Qbiogen (Illkirsch). The primary
antibodies were detected with either anti-rabbit or anti-mouse immunoglobulin conjugated to
horseradish peroxidase (Amersham Corp). Protease inhibitors complete cocktail was from Roche

Diagnostics.

Yeast plasmids.

LexA-fused bait and B42-fused prey hsp27 or aB-crystalline coding sequences were cloned
into EcoRI/Xhol sites in pEG202 or pJG4-5 plasmids, respectively. Wild type hsp27 and D100G,
C137A, R140G, A51-88 and A141-175 hsp27 mutant cDNA were PCR-amplified from the pCINeo
vectors already described (1, 18) using 5' primer: CGGAATTCATGACCGAGCGCCGCGTCCCC
and 3' primer CCCTCGAGCTTTACTTGGCGGCAGTCTCATC. pJK103 lexAop-lacZ reporter

plasmid has been already described (19).

Yeast strains.



Saccharomyces cerevisiae strains MB210 (MATa leu2::6LexAop-LEU2 ade2::8LexAop-
ADE? his3 trpl ura3) and MB226 (MATo leu2 ade2 his3 trpl ura3) were used for the screening.

Strains TB50 (MATo) and EGY42 (MATa) were used to confirm interactions (20).

Eukaryotic expression vectors.

Aptamer cDNA sequences from screen isolated prey plasmids were PCR-amplified with
specific primers (5'-CCGGAATTCGGATGAGCGACAAGATCA and 3-
CGGGGTACCTTAGGCCAGGTTGGC) and cloned into EcoRI/Kpnl sites of the pCMV-myc
vector (Clontech). The cDNA sequences were further EcoRI-Notl digested from pCMV-myc and
subcloned in pClneo vector (Sigma). psuperNeo vector encoding a ShRNA27 or a mismatch control
RNA will be described elsewhere.

Peptide aptamer selection.

Peptide aptamer selection was performed using an improved version of the yeast two-hybrid
interaction trap, essentially as previously described (26). Yeast strain MB2260. was transformed
with pJK103 and pEG202-Hsp27. Yeast strain MB210a was transformed with a mix of randomized
8-mer and 13-mer peptide aptamer libraries in pWP2 vector (21). Plasmids containing the selected
PAs were recovered from the yeast using phenol/chloroform procedure and transformed into MH3
E.coli strain onto M9 minimal medium. Interactions were confirmed by an interaction mating assay
after retransformation of bait and aptamer plasmids in EGY48a and TB50a strains, respectively

(21, 22).

Cell culture and transfections.

All cells were grown at 37°C in a humidified atmosphere containing 5% CO,. Hela and
SQ20B cells were grown in Dubelcco’s modified Eagle’s medium (DMEM) supplemented with 10%
heat inactivated fetal calf serum. For transient expression, exponentially growing HeLa cells were
seeded at a density of 1.5 x 10° cells/78cm” one night before transfection with 7ug of DNA according

to the Lipofectamine™ reagent procedure (Invitrogen). Forty-eight hours after transfection, cells



were submitted to the different treatments. Stably transfected SQ20B cells were grown under G418

(600pg/ml) selection.

Cell death and/or cell survival determination.

Twenty-four hours after transfection, cells were seeded in 96-wells plates (7.5 x 10°/well). Twelve
hours later, cells were treated for 18 hours with drugs. Viable cells were rinsed twice with PBS and
stained for 15min with 0.5% cresyl-violet in 50% methanol. Afterward, plates were rinsed and dried
before a medium containing 0.1M sodium citrate (pH 5.4) and 20% methanol was added to solubilize
the stained cells. Absorbance was read at 570nm with a Wallac1420 Multilabel-Counter
(PerkinElmer). The percentage of cell survival was based on the ratio of the relative absorbance of the

different samples to that of untreated cells (23).

Cell proliferation was measured using the WST-1 assay, which required pre-incubation of cells in
media for 4h with the tetrazolium salt (4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate) followed by absorbance measurement at 450nm. The percentage of cell

proliferation was calculated based on control absorbance (100%).

Gel electrophoresis and immunobloting.

After treatment, cells were immediately rinsed twice in ice-cold PBS and scraped off the dish. At
this point, aliquots were withdrawn for determination of protein concentration. Thereafter, cells were
lysed in boiling SDS buffer (62.5mM Tris-HCI, pH6.8; 1% SDS; 0.1M dithioerythritol; 10% glycerol
and 0.001% bromophenol blue). Alternatively, for detection of Hsp27 dimers, cells were lysed in Non
Reducing SDS buffer without dithioerythritol. Cell lysates were then subjected to SDS-PAGE (24)
and immunoblots, were performed as previously described (2). The detection of immunoblots was

LTM

performed with the EC system (Amersham Life Science). Autoradiographs were recorded onto X-

Omat LS films (Eastman Kodak Co).

Clonogenic assay.

Cell survival curves following irradiation were generated by means of a standard colony-formation

assay (25). The survival o and [ variables were fitted according to the linear quadratic equation



(SF=exp [aa x D - B x Dz]) (Eql), where SF is survival fraction and D represents radiation doses (25).
p q

The SF at 2Gy (SF2) was determined as an index of radiosensitivity.

Sizing Chromatography.
Transfected Hela cells were washed in PBS, harvested and lysed in 20mM Tris, pH7.4 ; SmM
MgCl,; 20mM NacCl ; 0.1% Triton X-100 ; and 0.1mM EDTA. Cell lysates were spin at 10,000xg for

10min and supernatant was loaded on a sepharose CL-6B column (Sigma). Fractions were analyzed by

SDS-PAGE and immunoblotted as described previously (3).

Tumor growth.

A suspension of 2.5 x 10° SQ20B transfected cells in 200ul of PBS was subcutaneously inoculated in
the inner thigh of 5-week-old female athymic nude mice (Charles River Laboratories) via a 23-gauge
needle under ketamine/xylazine anesthesia. All animal procedures were performed according to local
guidelines on animal care. Tumor volume was measured weekly and calculated according to the
formula: 0.5236 (LXWZ), where (L) and (W) are respectively the length and width diameters. For each
mice group, histological and biochemical analyses were performed on tumors taken after animal

sacrifice at the end of week 9.
Histological analyses.

The morphology of tumors was assessed on formalin-fixed, paraffin-embedded tissue sections, after

Giemsa staining (25).



Results

Selection of peptide aptamers interacting with Hsp27.

In order to validate the use of Hsp27 in the yeast two-hybrid method and to map crucial
domains of this chaperone, interactions between Hsp27 and mutant forms of the protein were tested
by a yeast two-hybrid approach (Fig. 1A and B). Strong Hsp27 homodimerisation was observed as
well as interaction of WT Hsp27 with several mutant forms. In contrast, point mutant [1B-crystallin-
R120G, responsible for human myopathies and cataracts, and deletion mutant Hsp27A141-175 did
not give a detectable interaction phenotype with LexA-Hsp27 (Fig. 1B) (26). However, the weak
interaction phenotypes observed with LexA-Hsp27A141-175 was not due to a lack of expression of
this construct as shown by the interaction of this mutant with PA54 (Fig. 1D). Altogether, these
results establish that the LexA-Hsp27 fusion protein is a well-behaved bait (i.e. well expressed,
properly folded, localized in the nucleus, and without a detectable transcriptional activity) that can
thus be used for a yeast two-hybrid peptide aptamer selection. They also show that the R120 residue

and the region comprised between amino acids (AAs) 141 and 175 are essential to Hsp27.

To identify Hsp27 interacting aptamers, a yeast two-hybrid screening was performed using
wild type Hsp27 as bait and a mix of randomized 8 and 13-mer peptide aptamer libraries as preys.
160 peptide aptamers that showed a yeast two-hybrid interaction phenotype with the LexA-Hsp27
construct were initially isolated from a screen of 11 x 10° yeast colonies. The aptamer plasmids
were recovered from yeast and the interaction phenotypes were verified after retransformation and
mating assays. Sequences of 50 aptamers showing strong interaction phenotypes with LexA-Hsp27
were determined, out of which 25 unique variable regions were identified (Fig. 1C). A consensus
sequence I/LLRRL can be identified in 50% of the sequenced peptides. Although the screening was
performed on an equal mix of an § and 13-mer peptides aptamers libraries, only 7 aptamers contain
a 13-mer variable region and only one of them presents the consensus sequence. These 25 peptide
aptamers were tested for their interaction with Hsp27 and various mutants, as shown in panel 1D.

The aptamers presented different profiles of interaction, indicating that they bind to different



molecular surfaces of Hsp27. Aptamers presenting an interaction phenotype with [1B-crystalline
and/or [1B-crystalline-R120G were removed from further studies due to their lack of specificity

toward Hsp27 (Fig. 1D).

Inhibition of Hsp27 antiapoptotic activity by peptide aptamers in HelLa cells.

To identify aptamers able to counteract Hsp27 protective activity against apoptotic treatments
in human cells, we tested the activity of the selected aptamers in HelLa cells. Twenty two aptamer
coding sequences were subcloned into the pCINeo vector bearing a neomycin resistance gene. HeLa
cells were transfected with the pCINeo vectors encoding specific Hsp27 aptamers or with 3
different non-specific control aptamers or with a pCINeo vector encoding an shRNA directed
against Hsp27 messenger RNA. Transfected Hela cells were treated for 12 hours with 0.2pmol/L
staurosporine, caspases activation was determined and 10 PAs able to apoptosis were identified
(data not shown). Among them PA11 and PASO0, displaying 13 and 8-AAs in their variable region
respectively, were selected upon their high specificity of interaction with wild type Hsp27 in yeast.

Then, control experiments were performed to test whether PAs expression in HeLa cells could
induce a stress response. This was performed by analyzing the level of expression of Hsp60, 70 and
90 in cells transiently expressing PAs 11 and 50. As shown in Fig.2A no significative increase in
either major Hsp was observed.

A WST-1 test was performed in order to determine cell proliferation. In this transient
expression experiment PAs 11 and 50 induced a decrease of HeLa cell proliferation while control
aptamer and shRNA27 did not (Fig. 2B).

Hsp27 has been reported to induce high resistance to some of the drugs used in chemotherapy
(8-10). To assess effects of PA on drug response, HeLa cells transfected with PA11 or PA5S0 were
treated for 18 hours with cisplatin or doxorubicin. As shown in Fig. 2C, a 20% increase in cell death
was observed after cisplatin treatment. The increase was up to 50% after doxorubicin treatment of
PAS50 or shRNA transfected cells. In contrast, control aptamer (PAc) or MsRNA27 did not induce a

cell death increase as compared to mock-transfected cells. These results indicate that PAs interfere



with Hsp27 cytoprotective properties as much as does an shRNA that reduced the expression level
of Hsp27 below the detection threshold (Fig. 2A).

Studies were also performed with the kinase inhibitor staurosporine. As observed with
doxorubicin, Hsp27 shRNA or PAs strongly increased staurosporine induced cell death (Fig. 2D).
The processing of executioner caspase 3 is a hallmark of apoptosis. To assess caspase 3 activation
in cells expressing or not PAs, protein extracts were analyzed by immunoblot after a 4-hour
staurosporine treatment (Fig. 2D). The high level of processed fragments pl7 and, to a lesser
extend, of pl2 fragments, indicated that PAs are also able to counteract Hsp27 antiapoptotic

activity.

Aptamers modify the biochemical properties of Hsp27.

The protection induced by Hsp27 is highly correlated with its biochemical state (27). To
determine whether peptide aptamers could modify the properties of Hsp27, we first analyzed the
oxidative stress induced dimerization of the protein in nonreducing PAGE (Fig. 3A). As a positive
control we expressed Hsp27-C137A, a dominant negative mutant able to disrupt Hsp27
dimerization (14). The negative control PAc and PA11 did not induce any modification of the
dimeric state of the protein. In contrast, PA50 expression, strongly inhibited Hsp27 dimerization, to
a much higher extend than that of Hsp27-C37A mutant.

To further characterize perturbations of Hsp27 biochemical properties, we tested the
oligomerization pattern of Hsp27 in HeLa cells expressing PAs. For this experiment we used myc-
tagged PAs, in order to enhance the detection of PAs in elution fractions. As already shown in
exponentially growing mock HelLa cells, Hsp27 was recovered in two major structures with
heterogeneous native molecular masses, small oligomers (<400kDa) and large oligomers
(>400kDa), (Fig. 3B) (28). The non-interacting control aptamer, PAc did not induce any
modification of Hsp27 oligomerization profile. In PA1l transfected cells we observed strong
modifications in Hsp27 oligomerization pattern. Quantification of western blot pointed out that

Hsp27 was redistributed in two distincts populations with a singular elution profile when compared



to the other profiles (Fig. 3B, upper right panel). Furthermore, and only 31.4% of Hsp27 was
detectable in the small oligomers (<400 kDa) (Fig. 3B). In contrast PAS50 transfection did not affect
Hsp27 oligomerization pattern as shown by the western blot quantification profiles. These data
indicate that although both PAs are able to induce apoptosis, different biochemical mechanisms
may underlie this target protein inhibition.

To confirm the interaction observed in yeast we performed co-immunoprecipitation assays
directly using fractions of sizing chromatography columns. Hsp27 was immunoprecipitated from
the 200kDa column fraction containing both Hsp27 and PAs. The presence of the aptamers was
detected by immunoblot with an anti-myc antibody (Fig. 3C). This experiment confirms the

interaction between Hsp27 and PA11 and 50.

Inhibition of tumor growth by Hsp27 Peptide Aptamers.

To assess the ability of PAs to inhibit tumor growth, we produced constitutively expressing
PA clones in the head and neck squamous cell carcinoma (HNSCC) SQ20B cell line (Fig. 4A).
WST-1 experiment was realized in order to determine the proliferation rate of SQ20B clones. As
shown in figure S1A, PAs did not statically modulated cell proliferation. We further tested the
sensitivity to staurosporine of the PAs expressing cells. As observed for HeLa cells, PAs induced a
sensitizing effect to apoptotic stimulus as depicted by an increase in caspase activation (Fig. SIB an
S1C). We had previously shown that targeting Hsp27 by antisense approach sensitizes the
radioresistant SQ20B cells to y-irradiation (11). To test the radiosensitizing effect of PAs, cell
survival curves were established after irradiation of SQ20B-PAs and SQ20B-PAc control cells at
doses varying between 1 and 8Gy. PA 11 and 50 increased the clonogenic cell death after
irradiation as revealed by an exponential decrease in the percentage of surviving cells (Fig. 4B).
The survival fraction at 2Gy (SF2), used as an index of radiosensitivity, shifted from 0.75 in
SQ20B-PAc cells to 0.40 and 0.51, respectively, in SQ20B-PA11 and SQ20B-PAS50 cell lines (Fig.

4B).



To better characterize PAs induced inhibition, we performed tumor xenograft studies by
injecting PAs expressing cells (and RNAi27 expressing cells) in female NUDE mice and measuring
tumor volume by external calipers weekly after injection (Fig. 4C). Each animal was also injected
with the appropriate control (Ms27 for RNAi27, and PAc for PA11 and PA50), to circumvent inter-
animal variability. PA11 and 50 cells showed a strongly reduced tumor growth of 80 and 50%
respectively, as compared to PAc cells (Fig 4D). shRNA cells, used here as a positive control,
displayed a reduced tumor growth but to a lesser extend than PA expressing cells. These data
indicate that targeting Hsp27 with PAs is more efficient in inhibiting Hsp27 tumorigenic activity

than downregulating its expression with a shRNA.

Aptamers inhibit the proliferation of tumor xenografts.

To define the mechanism of action of PA in inducing a reduced tumor growth inhibition, we
performed immunohistochemical staining of Ki67 proliferation marker, Giemsa coloration and
Tunel apoptosis assay (Fig 5A). Photomicrographs of tumor sections and quantification of Ki67
marker revealed that the lack of tumor development with PA11 and 50 was due an alteration of
proliferation process (Fig.5A and B). We have previously reported that a Hsp27 RNAI induces a
small delay in tumor progression, without modulation of the Ki67 marker (25). Moreover, Tunel
assay on tumor section showed that PA11 and PA50 did not increase apoptosis, probably as a result
of a lack of pro-apoptotic stimulation (Fig. 5A). Although PAs statistically modulated proliferation
in cancer cell line, our data suggest that tumor environment of xenograft may play a crucial role in
inhibition of tumor development in mice with SQ20B-PA11 and 50 cells.

The above findings show that PA expression induces a reduced proliferation of SQ20B cells.
We therefore investigated whether PAs could modulate cell cycle components. For this, we
analyzed by western blot the expression level of cell cycle markers in the recessed tumors. As
shown in Fig.5C levels of p21-wafl, a CDK inhibitor was increased in PA11 and 50 expressing

tumors. In contrast, the level of p27 another CDK inhibiting protein, was not affected.



Discussion

Hsp27 is an anti-apoptotic protein over-expressed in a variety of tumors (7). Because of its
cytoprotective and oncogenic properties, Hsp27 has emerged as a major therapeutic target in cancer
therapy (29). We have developed a peptide aptamer approach to functionally target Hsp27 without
modulating its expression.

In the present work, we have identified PAs able to interact with Hsp27. Two of them
promoted apoptosis induced by different radio or chemotherapeutic treatments in HeLa or SQ20B
cells. In addition, PA11 and 50 counteracted Hsp27 pro-survival functions in vivo and strongly
inhibited tumor growth. Interestingly, PAs were significantly more efficient than the shRNA27 to
reduce tumor growth. Restricted tumor analyzes suggested that cell cycle was blocked due to the up
regulation of the tumor suppressor protein p21-wafl, a p53 target gene implicate in cell cycle
modulation (30). In contrast, p27 expression level was not affected in our study, although Hsp27
has been shown to promote the ubiquitination and degradation of this CDK inhibitor (31).

One of the major challenges of targeting Hsps in cancer therapy is the induction of expression
of other Hsps genes, which show functional redundancy and can trigger compensatory mechanisms.
The Hsp90 inhibitor 17-AAG is currently used in clinical trials for its antitumor activity. However,
17-AAG triggers the transcription and elevation of antiapoptotic Hsp27, 70 and 90, which lead to
chemoresistance of cancer cells (32). Interestingly, targeting Hsp27 by PAs did not modulate other
Hsps levels, either in cells or in vivo (data not shown), thus validating Hsp27 as a highly promising
target in oncology.

Two aptamers, PA11 and PA50 (13-mer and 8-mer variable regions, respectively) were
further characterized because of their specific features. PA11 was the only selected aptamer
displaying no interaction with Hsp27-D100G. PA50 presents the consensus hydrophobic sequence
found in 50% of Hsp27 interacting aptamers isolated in this study. PA11 and PA50 interacted
specifically with Hsp27 and did not present any interaction with [ 1B-crystalline an other member of
sHsps family sharing a strong conformational homology with Hsp27. Interestingly, those aptamers

that did not interact with Hsp27-R140G mutant did not present any interaction with [1B-crystalline



(expect for Aptl66). This mutant was designed by homology with [B-crystalline-R120G
responsible for human myopathies and cataracts (26). [/B-crystalline-R120G did not present an
interaction with any of the sHsps tested in our two-hybrid assays. Arginine 120 residue might be of
importance for all sHsps based interactions strongly suggesting its implication in PAs binding
specificity.
To determine the mechanism of action of PAs, we studied the structural organization of Hsp27 in
PA expressing cells, since anticancerous properties of this sHsp rely on its oligomeric status.
Although biochemical mechanisms underlying Hsp27 structural dynamic changes are not clearly
understood yet, it has been shown that dimerization of protein monomers is a crucial event to form
larger oligomers. PA50 was able to inhibit dimerization without disrupting Hsp27 large oligomers,
thus mimicking the dominant negative Hsp27-C137A mutant endowed with the ability to disrupt
dimer formation and functional properties of wild type Hsp27 without abolishing large oligomers
formation (14). Other PAs with the conserved amino acid motif /LLRRL tested in same conditions
did not disrupt dimer formation of Hsp27 (data not shown). These data suggest that the cystein
residues in the variable region of PA50 are able to interfere with the formation of Hsp27 disulfide
bridges. PA11 did not interfere with Hsp27 dimerization but inhibited the turn over of oligomeric
Hsp27 forms since the oligomeric profile of Hsp27 was greatly modified in PA11 expressing cells.
Interestingly, PAs were only detected in fractions containing small oligomeric forms of Hsp27,
suggesting an interference with the structural organization dynamic process of Hsp27 to form high
oligomeric forms. In addition PAs were able to inhibit Hsp27 anti-apoptotic activity at different
levels of conformational state. Hence, these data confirm that sHsp functions are dependent on its
structural organization since exogenous molecules targeting Hsp27 monomers inhibit Hsp27
induced cellular protection by interfering with its conformational state.

In conclusion, our work demonstrates that PAs are able to interact with Hsp27 and to
interfere with its biochemical properties, thus inducing apoptosis in cancerous cell line and
inhibiting tumors proliferation in vivo. PAs may be exploited to specifically target Hsp27 and

discover new insights into Hsp27 structure-function relationship. The in silico search for molecules



interfering with sHsps is a challenge since the tri-dimentional structure of Hsp27 is unknown, due to
the high difficulty to obtain stable crystals of the oligomeric form of this protein. Therefore PA may
represent potential tools to initiate a screening, by modelisation of interaction docking site, and

guide to the discovery of Hsp27 chemical inhibitors (33).
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Figure legends

Figure 1. Identification of Hsp27 interacting PAs. 4, Hsp27 and mutants cloned into the two hybrid
interaction system. [1B-crystalline and [B-crystalline-R120G were used as a control of aptamers
specificity. B, Interaction mating assay with the different baits and preys. PAc was used as a
negative control of interaction with Hsp27. C, table of Hsp27 interacting aptamers, two consensus
sequence where identified into several aptamers (in red and blue). D, Interactions of Hsp27 and
mutants with identified PAs were tested in an interaction matting assay. All PAs presented a

positive interaction with wild type Hsp27.

Figure 2: Peptide aptamers inhibit Hsp27 anti-apoptotic functions and decrease cancerous cell
survival in response to chemotherapy. PAs 11 and 50 were cloned into pCI-Neo mammalian
expression vectors and transiently expressed in HeLa cells that constitutively express a high level of
human Hsp27. PAc was used as a negative control and did not present any interaction with Hsp27.
ShRNA27 and control MsRNA27 were used as a positive control of Hsp27 targeted induced
apoptosis. 4, samples were collected 48h after transfection and levels of Hsp27, 60, 70 and 90 were
analyzed by western blot. Expression of aptamers was revealed by PA scaffold protein detection
with an anti-thioredoxin A antibody (=TrxA). B, WST-1 test was performed each 12 hours during
three days following transfection. Proliferation index was determined and reported for each cell line

(p< 0.01). C, Sensitivity to cell death was determined by crystal violet as described in materials and



methods. Chemotherapeutics agents (cisplatin and doxorubicin) were used to induce cell death (p<
0.01). D, cell viability after 12h staurosporine treatment was determined by crystal violet method
(p< 0.01). Samples of HelLa treated with 0.15umol/L staurosporine for 4h, were analyzed by

western blot for caspase3.

Figure 3: Functional and biochemical inhibition of Hsp27 by PAs. These experiments were
performed in HeLa cells transiently expressing myc-tagged PAs. A4, cells were treated or untreated
with Immol/L H20:2 to induce Hsp27 dimerization. Hsp27-C137A mutant was used as a positive
control of dimerization inhibition. Western blot was performed with PAGE nonreducing conditions.
B, PAs were cloned in pCMV-myc mammals expression vector. Transfected HeLa cells were lysed
in the presence of 0.1% Triton X-100 and the 10,000xg soluble cytosol was applied to Sepharose
CL-6B gel filtration columns as described in materials and methods. The presence of Hsp27 in
pooled fractions eluted from the columns was detected by immunoblots. 29, 66, 150, 200, 443, 669
and 2000 indicate the apparent native size of gel filtration markers (kDa). Column elution profiles
were realized by quantification of immunoblots. Quantification of Hsp27 oligomers of apparent
native size <400 kDa was also determined. Total Hsp27 and Myc-PAs in samples were determined
with an immunoblot on 1/100 of the loaded fraction. C, intracellular interactions between Hsp27
and aptamers were analyzed by Co-IP upon expression of aptamers in HeLa cells. After
immunoprecipitation from column fractions with anti-Hsp27 antibody, immunoprecipited proteins

and input cell lysates were analyzed by Western Blot.

Figure 4: Targeting Hsp27 by peptide aptamers inhibits tumor growth. 4, SQ20B squamous oral
carcinoma were transfected to constitutively express PAs. Expression of aptamers was detected by
immunoblots revealed by an anti-TrxA antibody. B, Cell survival after exposure of the stably
transfected cell lines and their respective controls to radiation at doses varying between 1 and 6Gy.
Colonies with more than 64 cells after six cell divisions were scored. Survival curves were fitted

with the linear quadratic equation (Eq 1). Table: SF2 = survival fraction at 2Gy. C, Photographs of



tumor xenografts in immunocompromised BALBc/Nude mice 9 weeks after implantation. Controls
and Aptamers or shRNA expressing tumor cells were injected two by two in the inner thigh of mice
(n=13 for each group of mice). D, Tumor volume was determined by external caliper measurement
once weekly after injection. Tumor volume was determined by external caliper measurements and
results were expressed as mean + standard deviation. Statistical significance was determined by
unpaired t test, revealing p < 0.05 for comparison of control with RNAi27, PA11 or PA50 at all

times.

Figure 5: PAs inhibit tumor cell proliferation by blocking cell cycle. A, Detection of tumor cell
proliferation using Ki67 immunostaining on tumors excised at the end of week 9 (100x
magnification). Tissue morphology of tumors assessed on paraffin-embedded tissue sections after
Giemsa staining (100x). Detection of apoptosis using TUNEL staining on paraffin-embedded tumor
sections (100x magnification). B, The proliferative index was calculated as the percentage of Ki-67
positive cells counted in 50 random fields at 100x magnification for each tumor. (p< 0.05). C,
Immunoblot analysis of p21 wafl, p27 and actin in SQ20B-PAc and SQ20B-PAs xenograft tumors

at the end of week 9.

Supplementary Figure Legends

Figure S1. Effect of PAs on proliferation and apoptosis of SQ20B cells. 4, WST-1 test was
performed every 12 hours during three days to determined proliferation index. B, cell viability was
determined by cresyl-violet method after 12h staurosporine treatment. C, caspase activation was

determined using a Caspase-Glo3-7 essay.



A B 9 C
1S
—
10 ~
v Y
AR EREEE
S R~ Aptamer PEPTIDE SEQUENCE Occurence
1 85 171 205 ] DMUQQ‘%“J) 1" Q L $ GWV GRZCLNIN
WildtypeHsp27 — e > NN ODN N NN E\ H>~. 16 I 1 F QL P MY
@ SR T T T R T SR T & 7 et R R W VoD 6
=W <4 2 2 9 @ 9 o mom 21 HIL L RRV L A
Hsp27 D100G s AN L LI I & T 3 3 23 Y I L RR A SR 3
Baits 33 |E I L RR LV C 2
% |E I L RR AL H
Hsp27 C137A me] ™y e Control vector 7 s 1 L R R M A A
39 |v T 6 E L wF I 2
. 2 [HIL L RRV L A
Hsp27 R140G =] ™y e Wild type Hsp27 “. 4 43 |A L L RRL L S 2
0 o R
eV IE e T T S—— Hsp27DI00G  AESies s o s (LA NE VWV Y 3
141 175 s |a ECc L MWV G 5
Hsp27 A141-175 e o e Hsp27RI40G -~ RGNS s 7oy L LR R L LD
2 |siL L RR L LT
8 |A L LRRUV LN
1 66 149 175 Hsp27 C137A S o & |HlI L R R M L R
0oB-crystalline S 8 (R 1 Y L L N DT
Hsp27 ATA1-175 = S s - 9 |efL LR R L L NGO QE QK H
aB-crystalline R120G ————— %} — P . e A
YL MR R L I A

aB-crystalline At o

Aptamers
Baits: 11 16 17 21 23 33 36 37 39 42 43 47 50 53 54 57 58 82 84 87 89 140 166 172
Control vector |

Wild type HspY7 g g B8 €D evEngd S It ICD WuEH =

Hsp2Z7DI00G s o o o e 0 o SR o G G o PSR eegm -

Hsp27 R140G | s w e ERERE . e e S
Hsp27 C137A e Rt i i S R N o ——
Hsp27 A141-175 % S
oB-crystalline ~ & e . - e - - -
oB-crystalline R120G. _— e e = o == e GRS

Gibert et al. FIGURE 1



Percentage of cell death

~

N N

< <
c Z = - O
3 & £ £ 2
T = & 5 & &
e e R o e S

Hsp90

————— e e p—

Hsp70

Hsp60

Hsp27

<—TrxA

actin

[e))
o

o
oo

o
~

Proliferation Index

—

Cisplatin concentration (umol/L)

10

P o o
o

. Hela

Ms27
sh27

N rac
[ pant
[] paso

25 10
Doxorubicin concentration (umol/L)

Percentage of cell death

. Hela

Ms27
sh27

N Pac
[ pant
[ Paso

80

(o))
o

N
o

N
o

Il HeLa

Ms27
sh27

N rac
[ pant

[] easo

0.05

0.1

Staurosporine concentration (umol/L)

© — © — o
T Y = ? T Y T A
r ¥ &8 & z & & &
oA A A X Y Y

T -

procaspase3

<« p17
< pl2

|-------- |actin

+ 4+ + +

Staurosporine

Gibert et al. FIGURE 2



B

< <
2 3
N
T3 oz 8 3 3 v = 3
g £ g &£ & £ £ & & &
w Hsp27 -
ﬂ L EE e o dimers
: Hsp27 -
WL EP O D WSS
monomers
E—
- am s D g a4 @ Actin
- - - - - + + + + + H202
N
3 3
= > 5 &
2 T Q T
c =% £ o
- ' F_.i Hsp27
—— b —— - Myc
Apt11 Apt50

Antibody:
Hsp27

Myc

Hsp27

Myc

Hsp27

Myc

Hsp27

Myc

443

29 66 150 200 ! 6?9
[ N |

2000kDa
|

- e -

e — D -

T SaeeoeGe

\.
ik I

Column elution profiles

30

10 — e
F ==< 7 % - Hela
/ -&\ / \ — - PAC
v == PAT11
— PA50
PAC 0 200 400 600 800 kDa
cells
EX 8 2 L
) =
§ 8 5 = 4
X
S 7
Q
v
PA11 s /
cells ~ /
N .
Q
) .s
8 2
7712081 5
Mock cells PAc  PA11 PA50
)
o
(V]
PA50 Y ¢ = R
cells § = £ g
— —— = Total Hsp27
ey . 3 Total myc

Gibert et al. FIGURE 3



Surviving fraction

0.100

0.010

— o

%] — N

&g 5 &

o [aa] [aa) o
o o O o
N N N N
g 9o o g
(Y2 w ) (V2]

e e e GAPDH

—eo— SQ20B-PAc
—A— SQ20B-PA1]
—m— SQ20B-PAS50

SF2
SQ20-PAC 075
SQ20-PA11 0.40
5Q20-PA50 051

SQ20B Ms27

SQ20B PAc

SQ20B PAc

SQ20B RNAi27

SQ20B PA11

SQ20B PA50

n=13

Tumor volume mm3 Tumor volume mm3

Tumor volume mm3

1400

1200

_
g 3
e 3

o))
[=3
S

400

200

1400

1200

1000

800

600

400

200

1400

1200

1000

800

600

400

200

- 0= SQ20B Ms27
=—€— SQ20B RNAIi

n=13

Weeks after xenograft

n=13
= A= SQ20B-PAc
= SQ20B-PA 11
*
*
/
*
-
-
- %
-
2 3 4 5 6 7 8 9
Weeks after xenograft
n=13

0= SQ20B-PAc
== SQ20B-PA50

Weeks after xenograft

Gibert et al. FIGURE 4




5Q20-Ms27 SQ20-RNAi27 SQ20-PAc SQ20-PA11 SQ20-PA50

C
5 60 v = R
9 N £ £ &
= *
= 0 \\ ; | - A | 21 wafl
v .
0 \ :flf:
:E' 2!‘ p27
g 0 \
Q- .
% \ actin
SR

PAc PAT1 PA50

Gibert et al. FIGURE 5



PUBLICATION - 4

97



PUBLICATION 4 - Knock down of heat shock protein 27 induces degradation of several

client proteins.

En cours d’écriture et de travaux complémentaires

Hsp27 comme toutes les petites protéines de stress possede des propriétés de chaperon
moléculaire. Elle n’est pas un chaperon moléculaire au sens strict puisqu’elle ne peut pas ou peu
reconformer des polypeptides altérés au cours d’un stress. Cependant, elle possede la faculté
d’interagir avec des polypeptides altérés et de les stocker avant leur adressage vers le systeéme
chaperon classique pour reconformation ou vers une dégradation vers le protéasome apres

ubiquitination.

Nous avons construit des lignées exprimant de mani¢re stable un ShARN ciblant
I’expression de Hsp27 dans les lignées HeLa et MCF-7. Cette baisse du niveau de Hsp27
endogeéne induit le blocage du cycle cellulaire en G2/M sur les deux lignées construites. Nous
avons pu montrer que cet arrét du cycle était corrélé a des problémes de structuration du
cytosquelette dans la lignée HelLa avec des cellules ayant une cytokineése défaillante et présentant
jusqu’a 40 noyaux. Nous avons pu mettre en évidence que ces défauts avaient pour origine une
hyper acétylation des tubulines. Cette dérégulation est concomitante a la chute du niveau de la
deacétylase de classe II responsable de la deacétylation des tubulines: HDAC6 (Histone
DeACétylase 6). Nous avons pu démontrer par des expériences de PCR quantitative que cette
dérégulation n’avait pas lieu au niveau transcriptionel mais protéique. En effet, le niveau de
HDAC6 est augmenté dans des clones traités avec I’inhibiteur au MG132, un inhibiteur de la
dégradation protéique par le proteasome.

De méme, les niveaux protéiques de procaspase 3 et du facteur de transcription STAT2
sont diminués de maniere constitutive dans les clones déplétés en Hsp27. Comme pour HDACSH,
cette dérégulation n’a pas lieu au niveau des transcrits mais au niveau protéique. Ainsi, empécher
la dégradation protéique dépendante du protéasome permet d’augmenter le taux de procaspase3 et

de STAT2.

Par ailleurs, nous avons pu montrer ou re-confirmer par des expériences de co-
immunoprécipitation que ces trois protéines HDAC6, STAT2 et la procaspase3 interagissaient

toutes directement avec Hsp27. L’ensemble de ces résultats suggere que Hsp27 posséde a la

98



maniere de Hsp90 des protéines dites clientes (Whitesell et Lindquist, 2005). Ainsi, Hsp27 via son
activité chaperon permettrait la stabilisation de protéines cellulaires et 1’augmentation de leur
demi-vie. L’analyse des interactions entre Hsp27 et ses protéines clientes en présence des deux
aptameres peptidiques précédemment caractérisés (cf. publication II) est actuellement en cours.
Nous espérons mettre en évidence que la présence des aptameres induit le décrochage ou la
dégradation de la cliente de Hsp27 a la manic¢re des inhibiteurs peptidiques de Hsp90 sur le

mode¢le de la Shepherdine (c¢f. introduction C-2.1.3.).
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Abstract

Hsp27 belongs to the heat shock family of proteins and acts as a chaperone that binds
and can store stress-induced misfolded and damaged polypeptides. Apart from its well-
described function of counteracting apoptosis, and in spite of being a well-referenced
therapeutic target, the role of the abundant level of constitutively expressed Hsp27 in some
cancer cells is still not well-defined. In the present study, we show that the histone
deacetylase HDAC6 and the transcription factor STAT2 are degraded in HeLa cells depleted
in Hsp27. In addition, co-immunoprecipitation studies revealed that these polypeptides
interact with Hsp27. Hence, HDAC6 and STAT-2, similarly to previously described
procaspase-3, appear to be client proteins of Hsp27. Altogether these findings highly suggest
that, in cancer cells, Hsp27 has a pleiotropic role in the folding and regulation of several

crucial polypeptides.



Introduction

The small heat shock Hsp27, also called HspB1, is an important stress protein with
anti-apoptotic properties. It is a member of the family of small heat shock proteins
characterized by a highly conserved a -cristallin domain (1). Hsp27 interacts and/or
modulates several components of the apoptotic machinery. For example, it interferes with
apoptotic receptor like CD95- Fas/Apol by sequestering the Daxx protein, crucial for the
death signal transduction (2) (3). Hsp27 binds directly to cytochrome c¢ released from
mitochondria and therefore prevents apoptosome formation (4). It also binds to procaspase-3
and prevents its cleavage into active caspase-3 (5). Hsp27 also interferes with upstream
signals, such as those mediated by F-actin disruption and aggregation. Interference with
upstream signals increases the delay in cytochrome ¢ accumulation in the cytosol and
subsequently reduces caspases activation (6). Hsp27 also promotes the activation of the pro-
survival serine/threonine kinase Akt (7).

Hsp27 is well referenced as a major therapeutic target in some cancers (8). Indeed, a
high level of expression of this protein is observed in a lot of tumor types which correlates
with a bad prognostic for patients and a lack of response to many cancer therapies (9), such as
those based on chemotherapeutic drugs like cisplatin or bortezomib (10, 11). Moreover, a
high levels of Hsp27 expression generates a protection against radiotherapeutic radiations
while targeting Hsp27 level by antisense strategies sensitized cells (12).

Hsp27, like other members of the Hsp family of proteins, is a molecular chaperone.
This molecular distinctiveness implicates that Hsp27 could interfere with polypeptides
involved in many different cellular process. In that regards, one member of the heat shock
protein family, Hsp90 is well characterized to interact with an important number of client

proteins implicated in cell cycle regulation, signal transduction or gene transcription (13, 14).



By doing so, Hsp90 promotes the stability and functionally regulates these polypeptides.
Studies performed with inhibitors of Hsp90 chaperone activity (benzoquinone ansamycin
geldanamycin or 17-allylamino-17-demethoxygeldanamycin (17-AAG) which bind the
ATPase box) have revealed that these agents can disrupt the interaction between the Hsp90
and its client proteins, leading to their degradation through the ubiquitin-dependent
proteasomal pathway (15). This kind of mechanism is well referenced for Hsp90 but no yet
for other ATP-dependent chaperones, due to the absence of specific inhibitors. Similarly, no
inhibitors of Hsp27 chaperone activity are known, hence the only way to test for a putative
client-protein interaction is to analyze chaperone depleted cells.

In this study we show that Hsp27 interacts with histone deactetylase 6 (HDAC®6), the
signal transducer and activator of transcription 2 (STAT2). Moreover, a stable depletion of
Hsp27 induced their degradation. Degradation of procaspase-3 was also observed, confirming
earlier observations made by Pandey ef al. (5). To our knowledge this is the first evidence
and characterization of client proteins of Hsp27. These modulation of polypeptides
implicated in many cellular processes, like cytoskeleton deacetylation, signal transduction

and apoptosis, confirm the pleotropic role played by Hsp27.

Materials and Methods

Gel electrophoresis and immunoblotting

After treatment, cells were immediately rinsed twice in ice-cold PBS and scraped off
the dish. At this point, aliquots were withdrawn for determination of protein concentration.
Thereafter, cells were lysed in boiling SDS buffer (62.5 mM Tris-HCI, pH 6.8; 1% SDS; 0.1
M dithioerythritol; 0.001% bromophenol blue and 10% glycerol). Cell lysates were
subjected to SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) performed as

previously described (16). Immunoblots probed with different antibodies were revealed with



the ECL™ system (Amersham Life Science). Autoradiographs were recorded on X-Omat LS

films (Eastman Kodak Co, Rochester, NY).

Cell culture and transfections

All cells were grown at 37°C in a humidified atmosphere containing 5% CO,. HeLa
or MCF-7 cells were grown in Dubelcco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat inactivated fetal calf serum. For transient expression, one day
before transfection, exponentially growing cells were seeded at a density of 1.5 x 10°
cells/78 cm®. According to the Lipofectamine™ reagent procedure (Invitrogen, Cergy
Pontoise, France), DNA vector was left on cells for 3 h, thereafter cells were washed once
with PBS before being further incubated in fresh medium. Forty-eight hours after

transfection, cells were submitted to the different treatments and analyzed.
Sizing Chromatography.

HelLa or MCF-7 cells, used to prepare sample lysates for sizing chromatography
experiments, were grown as described above. Cells from five 100-mm culture plates were
harvested on ice by scraping and spun by centrifugation (1000 xg, 5 min, 4°C). Thereafter,
they were washed and lysed in the column equilibration buffer (20mM Tris, pH7.4 ; SmM
MgCl, ; 20mM NaCl and 0.1mM EDTA) supplemented with 0.1% Triton X-100. Cell
lysates were spun (10,000 xg, 10 min) and the supernatant was loaded on a sepharose CL-6B
column (Sigma) equilibrated and developed in the column equilibration buffer. Columns
fractions were analyzed by immunoblotting as previously described (4). Molecular-mass
markers used to calibrate the gel-filtration column included carbonic anhydrase (29kDa),
albumin (66kDa), alcohol dehydrogenase (150kDa), (-amylase (200kDa), apoferritin

(440kDa), thyroglobulin (669kDa) and Dextran Blue (> 2000kDa).



Co-Immunoprecipitation experiments (Co-IP).

All Co-IP experiments were realized in column equilibration buffer as described
above. 2ml samples of the indicating column fractions were incubated (1 h, 4°C) with Hsp27
antibody (goat polyclonal anti-Hsp27 antibody, Santa Cruz Biotechnologies) followed by
incubation (1 h, 4°C) with protein G sepharose (50 ul of a 50% bead slurry per sample, GE
Healthcare). Samples were briefly centrifuged (5,000xg, 30 s), supernatants were discarded
(bien dommage, le reviewer va sauter la-dessus) and bound proteins were eluted from beads.
Co-immunoprecipitated proteins were detected by immunobloting with the corresponding

antibodies.

ShRNA construction

The pSuperNeo plasmid (Oligoengine) was used for DNA vector-based shRNA
construction. Based on the cDNA of Hsp27 (HUGO gene nomenclature committee
accession No. HGNC:5246) and the shRNA designing tool provided freely by Ambion at its
website (http://www.ambion.com), we synthesized DNA templates encoding one Hsp27-
specific ShRNA (Sh27) and two missense controls (Sc27 and Ms27). The Hsp27 targeting
sequence of the designed oligonucleotides was: 5'-GCTGCAAAATCCGATGAG-3'. After
annealing, ligation and transformation of the resulting DNA vector into competent DH5a
bacteria (Invitrogen, France), antibiotic resistance was used to select the positive bacterial
colonies. The correct sequences of the final DNA preparations were confirmed by
sequencing (GenomExpress, Meylan, France). pSuperNeo-ScRNA27, pSuperNeo-
MsRNA27 DNA vectors were designed as respectively random (Sc27) and degenerated
(Ms27) controls from the above sequence of Sh27. pCI-Neo vector was used as a positive
control of cell transfection. ShARNA-HDAC6 and its random controls will be described

elsewhere (7).



Generation of stable HeL.a and MCF-7 cells containing reduced levels of Hsp27

Five dishes of cells culture were seeded at 1x10° cells/78cm*. HeLa and MCF-7 cells
transfections were performed as described above. One day later, transfected HeLa and MCF-
7 cells were incubated in the presence of neomycin at a concentration of 0.5 or 1 mg/ml,
respectively. Neomycin resistant clones were tested for their level of Hsp27 by
immunobloting. Five independent clones for each cell line expressing minimal endogenous
Hsp27 (named: HSh27 for HeLa and MSh27 for MCF-7) and four independent control
clones expressing normal levels of Hsp27 (named: HMs27 and MMs27) were selected,

propagated and used for further experiments.

Cell death and/or cell survival determination

Twenty-four hours after transfection cells were seeded in 96-wells plates (7.5 x
10°/well). Twelve hours later, cells were treated for 18 hours with staurosporine. After
treatment culture medium was discarded and the remaining viable cells were rinsed twice
with PBS buffer and stained for 15 min with 0.5% crystal violet in 50% methanol. Afterward,
plates were rinsed and dried before 0.1 M sodium citrate (pH 5.4) in 20% methanol was
added to solubilize the stained cells. The absorbance of each well was read at 570 nm with a
Wallac 1420 Multilabel Counter (PerkinElmer, Courtabeeuf, France). The percentage of cell
survival was based on the ratio of the relative absorbance of the different samples to that of

untreated cells (17).

Cell proliferation was determined using the WST-1 assay, which requires a 4 h pre-
incubation of cells in media (which one, ref Method) with the tetrazolium WST-1 salt (4-[3-
(4-Iodophenyl)-2-(4- Bonitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (10 pl/well)
followed by absorbance measurement at 450 nm. The percentage of cellular proliferation was

calculated based on a control absorbance.



Cell cycle analysis was realized as previously described (18). Briefly, cells were fixed in
70% ethanol, treated with RNAse A and stained with propidium iodide before being analyzed

by flow cytometry.

Immunofluorescence analysis

Cells growing on glass cover slips were fixed for 5 min with freshly prepared 4% para-
formaldehyde, pH7.0. Thereafter, cells were permeabilized by treatment with 0.1% Triton
X100 in PBS for 5 min. The cover slips were incubated for one hour with monoclonal anti-
Hsp27 antibody. After washing, cover slips were further incubated for one hour with FITC-
conjugated goat anti mouse immunoglobulin. Actin detection was performed using Alexa
Fluor™ 488 Phalloidin. Hoechst staining was used to count and analyze morphology of nuclei.
Photographs were realized using appropriate filters with Zeis Axioskop microscope equipped

with a 63X lens and a digital camera device.

Results

shRNA-mediated targeting of Hsp27 promotes apoptosis of HeLa cells.

HelLa cells were transitently transfected with pCI-Neo vector (pCI-Neo), pSuperNeo-
ScRNA27 (Sc27), pSuperNeo-MsRNA27 (Ms27) and pSuper-ShRNA27 (Sh27). 48 h after
transfection, cells were recovered and Hsp27 analysis was performed by western blot. As
shown in figure 1.A. Sh27 was able to strongly reduce Hsp27 expression whereas the
controls did not. Hsp27 is characterized by its strong antiapoptotic activity, we therefore
analyzed whether a decreased level of Hsp27 could sensitize cells to apoptosis. For this,
depleted cells were treated with the kinase inhibitor staurosporine and cell death was
determined after 18 h of treatment. The depletion of Hsp27 promoted a 40% increase of cell
death after a 0.075umol/L treatment (Figure 1.B). We also analyzed the activation of

caspase-3, characterized by the processing in pl2 and pl7 fragments from an inactive



precursor the procaspase-3. Protein extracts were analyzed by immunoblot after a 3 hours
staurosporine treatment at different concentrations. The different levels of pl17 processed
fragment after a 0.3 pmol/L staurosporine treatment in Sh27 compared to Ms27 cells,
confirmed that depletion of Hsp27 increased caspase-3 activation and apoptosis of transfected

HelLa cells (Figure 1.C).

Depletion in Hsp27 levels induces a G2M cell cycle arrest and modulate pro- and
anti-apoptotic expression profiles.

To analyze the cellular consequences of reduced Hsp27 levels, we next produced
Sh27 stable transfectants of HelLa and MCF-7 cells. Independent clones of HeLLa and MCF-7
cell lines were isolated and level of Hsp27 was compared to the level detected in parental cell
lines (Figure 2.A). HelLa clones HSh27-1.10 and HSh27-2.2 displayed a 70% and 95%
depletion of their Hsp27 levels, respectively, whereas the level of Hsp27 in MCF-7 clones
MSh27-1.3 and MSh27-2.1 was decreased up to 60%. This weaker efficiency could result of
the fact that Hsp27 level is ten fold higher in MCF-7 than in HeLa cells (figure 2.A) (19). As
it is well referenced that targeting one member of the family could modify the expression of
other Hsps, their levels were also investigated (15). The constitutive depletion of almost all
the cellular content of Hsp27 observed in HSh27-2.2 cells did not induce any modification of
Hsp70 and Hsp90 levels (Figure 2.A). Similarly, the partial depletion of Hsp27 in HSh27-
1.10 (HeLa) and MSh27-1.13 and -2.1 (MCF-7) cells had no effects towards Hsp90 and
Hsp70 levels.

Hsp27, as well as Hsp90 and Hsp70 are part of the survival protein family (ref), thus
levels of other survival or pro-apoptotic proteins was analyzed. As shown in figure 1.B,
decreased levels of Hsp27 correlated with important changes in pro- and antiapoptotic BH3

protein profils. In contrast to Bcl-2, survivin, an antiapoptotic BH3 mimetic protein, was
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overexpressed in HeLa clones deficient in Hsp27. However, the level of this protein was not
altered in the partially depleted MCF-7 clones. Surprizingly, the level of Bcl-2 drastically
increased in the MCF-7 clones. In all the cells analyzed, BclXsi level was not modified. Of
interest, in both cell lines, levels of pro-apoptotic Bax and Bid proteins were up regulated as a
consequence of reduced Hsp27 levels (Figure 2.B).

To further characterize the cellular effects mediated by decreased levels of Hsp27
depletion, a WST-1 test (see Materials and Methods) was performed to determine cell
proliferation. As seen in Fig. 2C, the proliferation index was decreased in HeLLa and MCF-7
cells lines under-expressing Hsp27. In order to determine whether the reduced proliferation
was linked to cell cycle modifications, exponentially growing cells were analyzed by flow
cytometry. A 10% and 20% decrease in cell proliferation was observed for HelLa HSh27-1.10
and HSh2.2 clones, respectively. The two clones of MCF-7 cells showed a 10% decrease
(Figure 2.D). In both cell lines, cell cycle appeared blocked in G2/M. In HSh27-2.2 cells,
26.8% of cells were in G2/M phase while this phase represented only 16.9% of the control
cell line. A similar 5.3% increase in G2/M phase was observed in depleted MSh27-1.3 MCF-7
cells. The same increase in G2/M phase was observed in the other Hsp27 deficient cells (data
non shown) suggesting that a partial depletion of Hsp27 was enough to induce the
phenomenon. Furthermore, in Hsp27 depleted cells, we were able to detect strong increase in
the level of sub-G2 cells. 7.4% instead of 1.9% in control cells. A similar phenomenon was

observed in MCF-7 cells with an increase from 1.7% to 3.5%.

Hsp27 is essential to maintain cytoskeleton integrity through an HDAC6

dependant mechanism.
To better characterize the reduced proliferation of Hsp27 depleted cells,
morphological assessments of the different cells lines were investigated. Hoechst staining

revealed that the nucleus of Hsp27 depleted HeLa cells had lost their round shape appearance
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and showed an altered morphology (figure 3.A). Moreover, in the highly depleted clone
HSh27-2.2, giant cells containing up to 20 nuclei were abundant (Figure 3.B). This
polyploidic morphology could result of the increase in G2 phase blocked cells (figure 2.D).
Interestingly, an increase in plurinucleated cells was also detected by flow cytometry analysis
of MCF-7 clones but this increase was not associated to any aberrant morphology of the
nuclei probably because of the important remaining level of Hsp27 (Data not shown).

Hsp27 is well referenced to support cytoskeletal integrity, particularly by protecting F-
actin disruption in stress condition (20). Consequently, we tested if the above-described
morphological alterations of nuclei could be linked to an alteration of the cytoskeleton
consequently of Hsp27 decreased levels. As seen in Fig. 3C, immunofluorescence analysis of
F-actin did not demonstrate any modifications of microfilament integrity. The organization of
microtubules and intermediates filaments, detected by tubulin and vimentin antibodies,
respectively were similarly not altered in HeLa depleted clones (data not shown).

Biochemical post-translational modifications of cytoskeleton components were also
analyzed. The acetylated form of a -tubulin, which is present in various microtubule
structures, plays a role in stabilizing these structures and is implicated in many pathways like
cell growth, cell migration and morphogenesis (21). As revealed by immunobloting analysis,
a-tubulin was hyperacetylated in Hsp27 depleted HelLa cells (Figure 3.D). Histone
deacetylase 6 (HDAC6) is the enzyme responsible of the deacetylation of o -tubulin in
mammalian cells (21). Of interest, the level of HDAC6 was drastically decreased in Hsp27
depleted HeLa cells; a phenomenon which was negatively correlated with a-tubulin
hyperacetylation (Figure 3.D). Similar increase in o -tubulin hyperacetylation was observed
when HDAC-6 protein level was artificially decreased in HeLa cells (transiently??)
transfected with a specific ShARNA-HDAC6 encoding vector (Figure 3.D). We next tested

whether a similar phenomenon occurred in MCF-7 cells containing reduced Hsp27 levels. As
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seen in Fig. 3D, the level of HDAC-6 was only slightly decreased in MSh27-1.3 cells and a-
tubulin was not hyperacetylated (Fig. 3D). This rather modest decrease is probably due to the
only partial depletion of Hsp27; a phenomenon correlated with the lack of nucleus aberration
phenotype. We then further decrease Hsp27 level using an approach based on a transient
transfection of MSh27-1.3 cells with Si27 RNAi (see Materials and Methods). In these
conditions, a drastic decrease in the level of Hsp27 correlated with an almost complete
depletion of HDAG6, hence confirming the results obtained in HeL a cells.

To better characterize the mechanism of HDAC6 protein depletion in absence of
Hsp27, we performed a quantification of hdac6 gene product by quantitative PCR (qQPCR). As
shown in figure 3.E, HDAC6 mRNA was not significantly decreased in HSh27-2.2 cells, as
compare to HMs27 cells. This strongly suggests that HDAC6 depletion results of a post-
translational phenomenon (Figure 3.E).

In order to determine if the level of HDACG6 resulted of a post-translational event,
such as a reduced half-life, the effect of proteolytic inhibitors, such as MG132 proteasome
inhibitor or the calpain inhibitor ALLN was tested. Control experiment revealed that, in our
conditions, proteasome inhibition by MG132 correlated with poly-ubiquitin accumulation
(Figure 3.F). As the result of ALLN and MG132 treatments of HSh27cells, HDAC6 level was
increased. This suggests that an intense degradation of HDAC6 occurs in the absence of

Hsp27.
Endogenous level of procaspase-3 was decreased in Hsp27 depleted cells.

Hsp27 has been well referenced to interact with the prodomain of procaspase-3, a key
protease implicated in the executive pathway of apoptosis (22). Physical interaction between
Hsp27 and procaspase-3 inhibits processing leading to the activation of the apoptotic caspase
and participates to the mechanism of cellular survival occurred by Hsp27 (5). Moreover,

decreased levels of Hsp27 correlated with a reduced level of pro-caspase-3 (5). Similarly, in
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our conditions, the level of endogenous procaspase-3 was down regulated in Hsp27 depleted
HeLa clones (figure 4 panel A). Quantitative analysis revealed a 79.6% decrease in
procaspase-3 level in the most Hsp27 depleted clone HSh27-2.2. Moreover, after a 4 h
treatment with 0.2 ymol/L staurosporine, processing of procaspase-3 in p17 (Figure 4B) and
pl2 (not shown) fragments was increased in the two Hsp27 depleted HeLa clones. In
contrast, the cleaved fragments were not observed in absence of apoptotic stimulation
allowing us to conclude that the decrease in procaspase-3 level was not due to an increased
caspase-3 processing (data not shown).

To investigate if the reduced amount of procaspase-3 protein resulted of a transcriptional
event, procaspase-3 mRNA was quantified by quantitative RT-PCR (Figure 4.C). A 50% up-
regulation of procaspase-3 mRNA was detected in HSh27-2.2 clone, indicating an increased
transcriptional activity when compared to control cells. As a consequence, these data strongly
suggested that the phenomenon was due to an increased rate of degradation of the protein.
Thus, we tested procaspase-3 protein level when proteasomal and calpain proteolytic
activities were inhibited by MG132 and ALLN, respectively (Figure 4.D). It is seen in Figure
4.D that the level of procaspase-3 was drastically increased and even higher than in control
cells as a consequence of MG132 treatment. In contrast, it was not restored by ALLN

treatment, suggesting an ubiquitin/proteasomal degradation in absence of Hsp27.

Hsp27 constitutive depletion induces STAT2 degradation and modulates STAT3

phosphorylation.

Hsp27 has been shown to interact with STAT3, a crucial transcription factor
implicated in the maintenance of cancerous state by activating the expression of genes like
Bcl-XL and survivin (23, 24). Consequently, we explored whether Hsp27 could interact with

other member of the STAT family of proteins. As revealed by western blot analysis, STAT2
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protein level was dramatically decreased in Hsp27 depleted Hela clones (Figure 5.A). In
contrast, the level of the other members of the STAT transcription factor family, including
the Hsp27 interacting STAT3 polypeptide, was not altered (Figure 5.A). Analysis of MCF-7
clones also revealed a decreased level of STAT2 in cells partially depleted in Hsp27.
However, the effect was not as drastic as that observed in HeLa cells. Quantitation analysis
revealed a decreased of 18.2% and 9,8% in MSh27-1.3 and MSh27-2.1 clones, respectively
(Figure 5.B). Of interest, STAT?2 transcription factor is implicated in process like viral or
interferon responses and was not previously described to interact with Hsp27 (25).

A preceding study has demonstrated the role of the depletion of STAT3 in prostate
cells when Hsp27 was transiently decreased by an antisense strategy (26). In contrast, in our
conditions of constitutive depletion of Hsp27, endogenous level of STAT3 remained
constant. Moreover, STAT3 mRNA level was not modified in Hsp27 depleted clones
(Supplementary data 1.A). A confirmation of Rocchi et al. (26) results was nevertheless
obtained when our cells were transient transfected with the Sh27 vector. This suggests an
adaptation mechanism that restores a normal level of STAT3 in cells constitutively (and not
transiently) depleted in Hsp27 (Supplementary data 1.B).

Investigation of the level of STAT3 phosphorylation by interleukin-6 (IL-6) or by heat-shock
revealed that this modification was drastically decreased in Hsp27 depleted cells. qPCR
experiments revealed that STAT2 mRNA level was slightly increased in Hsp27 depleted
clones (Figure 5.D). Furthermore, degradation of STAT2 was inhibited when proteasomal
degradation was inhibited by MG132 but not with ALLN treatments.

Taken together, these results implicate the crucial role of Hsp27 in the stability of STAT2

(Figure 5.E).

STAT2, HDAC6 and procaspase3 directly interact with Hsp27 .
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In accordance with the “foldase” and “molecular sponges” theories, we hypothesized
that Hsp27 can stabilize and modulate half-life of client proteins (27, 28). Chaperone activity
is highly correlated with Hsp27 dynamic structures ranging from monomers to oligomeric
structures of about 800kDa (29) (30). Hsp27 oligomerization profiles were therefore analyzed
by the use of size exclusion columns (Figure 6.A). In non-stressed cells, Hsp27 was recovered
in two distinct size populations, the small oligomers (< 200kDa) and the large oligomeric
structures larger than 200kDa. Immunoblots analysis revealed that Procaspase-3 was in the
150-200 kDa range whereas STAT2 and HDAC6 proteins showed higher, but distinct, native
molecular weights (Figure 6.A). Of interest, these three polypeptides were recovered in
column fractions containing Hsp27 oligomers, thus an interaction with this stress protein is
therefore possible. Physical interactions between Hsp27 and procaspase3, HDAC6 and
STAT?2 were tested by Co-IP experiments using the different pooled fractions containing the
putative client polypeptide proteins. Goat polyclonal antibody raised against Hsp27 was
therefore added to the fractions of apparent native sizes of 100kDa (procaspase-3), 600kDa
(STAT2) and 800kDa (HDAC6), respectively. Immunoblots analysis of the
immunoprecipated complexes were revealed with antibodies specific to the putative client
polypeptides (Figure 6.B). It is seen in Fig. 6B, that procaspase-3, STAT2 and HDAC6 co-
immunoprecipitated with Hsp27 suggesting that these polypeptides interact with different
structural organization of Hsp27. Indeed, interactions were restrained for small amount of
total proteins, and should be highly correlated with structural organizations of the different

partners.

Discussion

In the present study, we characterized HeLa cells lines depleted to different extent in

Hsp27. This was achieved by constitutively expressing a specific ShRNA targeting Hsp27
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mRNA. This constitutive knock down of Hsp27 induces the proteasome-dependent
degradation of HDAC6, STAT2 and procaspase-3 proteins without any down regulation of
their transcripts levels. Furthermore, co-immunoprecipitation studies were in favor of a
biochemical interaction of Hsp27 with procaspase-3, HDAC6 and STAT?2. In spite of the fact
that we cannot exclude that Hsp27 could interact with complexes containing these proteins,
rather than directly interacting with them, our results are highly suggestive of a new function
of Hsp27 aimed at molecular chaperoning non-denatured polypeptide in non-stressed cells.

Analysis of the different clones revealed that the constitutive knock down of Hsp27
did not modulate other major Hsp levels. In contrast, pro-apoptotic proteins like Bax and Bid
were over-expressed; a phenomenon which can participate to the apoptotic susceptibility of
cancer cells lacking Hsp27 (30) (26) (12). Depending of the targeted cell, the over-expression
of survival proteins like survivin or Bcl-2 could be explain by an adaptative mechanism
allowing cells to survive without Hsp27.

Additionally, HeLa clones able to adapt to Hsp27 knock down, displayed nucleus
abnormalities and polyploidy. The observed lack of cytokinesis was probably the origin of
the blockade in the G2/M phase of cell cycle; a phenomenon that maybe connected to the
activation of senescence observed by others (19). Nuclear phenotype, associated to Hsp27
depletion, might be a consequence of a-tubulin hyper-acetylation, linked to HDAC6 level
down degradation. HDAC6 has many functions that can therefore be modulated by Hsp27.
For, example, HDACS6 is a major component of stress response and could address denatured
proteins to degradation (31). Moreover, it can participate to the misfolding response with
other heat shock proteins (32). Large oligomers of Hsp27 have been described to store
unfolded proteins when the molecular chaperone pathway is saturated (33). Hence, a link
probably exists between Hsp27 and HDACS6 in the altered protein response. On the other

hand, HDAC6 can promote hsp27 transcription linked to stress response (34). Furthermore,
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HDAC6 is a powerful modifier of carcinogenesis and its stabilization by Hsp27 may
contribute to oncogenic pathways (35).

Procaspase-3 is a major cysteine protease implicated in apoptosis and differentiation
pathways (36, 37). An interaction has already been described between the prodomain of
procaspase-3 and Hsp27, which modulates procaspase-3 cleavage and activation (22). Our
results are in accordance with a previous study that described procaspase-3 down-regulation
when Hsp27 was immunodepleted (5). Here, we bring the new information that, in the
absence of stress and Hsp27, procapase-3 can be degraded by the ubiquitin/proteasome
pathway. This point could not tested in MCF-7 clones because, in these cells, caspase-3 is
inactivated due to a deletion mutation in exon 3 of the gene (38).

STAT?2 is an important transcription factor involved in interferon and anti-viral
responses (25) which is degraded in Hsp27 depleted cell lines. The phenomenon is
transcriptionally independent. This protein co-immunoprecipitate with Hsp27 large oligomers,
suggesting that it interacts with these structures. An other target is the proto-oncogene STAT3
which has been already been demonstrated to interact with Hsp27 (23, 26). In our cell models,
we found that STAT3 phosphorylation was modulated by Hsp27 level but its level remain
stable. However, transient transfection approaches allowed us to confirm that that STAT3 was
degraded when Hsp27 was transiently depressed. The phenomenon also correlated with a
modulation of its phosphorylation state, indicating a highly tight regulation between STAT3
stabilization and activation (26).

Recently, a powerful mass-spectrometry study had identified an important number of
proteins able to binds sHsp under thermal conditions (41). Nevertheless this study did not
demonstrate any interaction between sHsp and proteins under non-stressed conditions. Based
on the Hsp90 chaperoning model, our findings suggest that Hsp27 could have its own client

proteins (15). Although, we only tested interaction between Hsp27 with endogenous wild-
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type proteins, it is nevertheless possible that Hsp27 could also stabilize mutant forms of these
proteins. In cancer cell, Hsp27 is an abundant protein, and its over-expression may contribute
to the stabilization of several oncogenic proteins, as for example, HDAC6 in bortezomib
treated cancer or STAT3 in tumors where this proto-oncogene is constitutively activated (11,
26, 39). Rational design of stable peptides based on those are described in the Shepherdin
model (40) will be probably a good approach to target Hsp27 interaction with oncogenic
client proteins.

Hsp90 regulates an/or stabilizes a high number of polypeptides, evaluated at
approximately 10% of yeast proteome (13). As referred to the “foldase” or “molecular
sponges”, Hsp27, like other sHsp, could be a key regulator of a pleiotropic numbers of
proteins but identification of Hsp27 client proteins is still difficult at this point, due to the

lack of drugs that inactivate its chaperone activity (27, 28).
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Figures

Figure 1: Down regulation of Hsp27 protein by expression of a ShRNA sensitizes HeLa cells
to death and promotes apoptosis. In all experiments, HeLa cells were transiently transfected
with the different vectors. A, pCI-Neo vector, pSuperNeo-ScRNA27 (Sc27), pSuperNeo-
MsRNA27 (Ms27) and pSuper-ShRNA27 (Sh27) were transiently expressed in HeLa cells.
Samples were collected 48h after transfection and levels of Hsp27 analyzed by western blot.
B, Sensitivity to cell death was determined by crystal violet analysis as described in Materials

and methods. Staurosporine, a pro-apoptotic kinase inhibitor, was used to induce apoptosis
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(p< 0.01). C, HeLa cells were treated for 4 h with staurosporine and samples were analyzed

by western blot using an anti caspase3 antibody.

Figure 2: Cell cycle analysis of Hsp27 knock-down clones shows an enrichment in G2/M
phase which reduces cell proliferation. Constitutive Hsp27 depleted clones of HeLLa or MCF-
7 were isolated as described in Materials and methods. A, HeLa or MCF-7 samples of
independent Hsp27 depleted clones were collected and the levels of Hsp27, 70 and 90 were
analyzed by western blot. B, Immunoblot analysis of Hsp27, survivin, Bcl-2, Bcly,,, Bax, Bid
and actin. C, WST-1 test was performed each 12 hours during five days. Proliferation index
was determined and reported for each cell line (p< 0.01). D, Cell cycle study was performed
by flow cytometry analysis as previously described (18). Quantitative analysis were realized

and reported on tables presented on the left side of flow cytometry analysis.

Figure 3: HDAC6 is degraded in Hsp27 deficient cell lines. A, photographs of Hoechst
stained nuclei of Hsp27 depleted HeLa cells. B, phase contrast pictures of the most depleted
HeLa clone showing giant cells containing more than twenty nuclei. C, Fluorescence
photomicrographs analysis of HspB1 and F-actin. HeLa cells were plated on glass cover slips
and allowed to enter exponential cell growth for one day. Thereafter, cells were fixed and
exposed to Hsp27 mouse monoclonal antibody followed by a goat anti-mouse FITC-
conjugated antibody. They were also treated with TRICT-labeled phalloidin to visualize F-
actin and with Hoechst to stain nuclei. Cells were then examined under a fluorescent
microscope and photomicrographs including overlay analysis were recorded. Note the drastic
modification of cells morphology induced by Hsp27 withdrawal. D, SARNA-HDACG6 and
MsRNA-HDAC6 were transitory transfected as a control of tubulin induced hyperacetylation.

Samples of cell lines, were collected an analyzed by immunobloting incubated with the
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indicated antibody. Quantification of western blot was reported on a table. E, quantification
of hdac6 gene relative expression by quantitative PCR analysis. F, proteasome activity
inhibition by MG132 (0.5umol/I- 20 hours) correlated with poly-ubiquitin accumulation as
revealed immunoblot analysis. Cells were submitted to 20 h treatments with either 10 mol/l
ALLN- 20 hours or 0.5umol/l- MG132 which are calpain and proteasome inhibitors,

respectively. Level of HDACG6 was revealed by immunobloting.

Figure 4: Knock out of Hsp27 induces procaspase3 proteasomal degradation without
modulating procaspase-3 gene expression. A, Protein extracts of HeLLa clones were submitted
to western blot experiments. Immunoblots were incubated and revealed with the indicated
antibody. Quantification of western blot intensity was reported on table. B, Each cell lines
were treated 4 h with 0.25 ymol/l of staurosporine. Samples were analyzed by western blot
using an anti caspase3 antibody. C, quantification of procaspase3 gene relative expression by
qPCR experiments. D, samples were collected after 20 h treatments with either 0.5¢mol/I-

MG132 or 10umol/l ALLN. Level of procaspase3 was revealed by western blot analysis.

Figure 5: Endogenous level of STAT2 was decreased in Hsp27 depleted cell line. A, Hsp27
depleted and control HeLa cells were collected, and samples were analyzed by western
blotting using the corresponding antibody. Quantification of western blot was reported on
Table. B, MCF-7 depleted cells were submitted to western blot analysis. C, characterized
HeLa clones were treated with interleukin-6 (125ng/ml) or heat shock (60 min,
TEMPERATURE). Samples were collected and analyzed by immunobloting using STAT3,
P-STAT3, Hsp27 and actin antibodies. D, quantification of stat2 gene relative expression by
gPCR analysis. E, Cells were submitted to 20 h treatments with either 0.5umol/l MG132

10pmol/l ALLN. Levels of STAT2 were revealed by immunobloting.
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Figure 6: HeLa cells were lysed in the presence of 0.1% Triton X-100 and the 10,000xg
soluble supernatants was applied to sepharose CL-6B gel filtration columns as described
above. 29, 66, 150, 200, 443, 669 and 2000 (kDa) indicate the apparent native size of gel
filtration markers. A, The presence of Hsp27, HDAC6, STAT2 and procaspase3 in pooled
fractions eluted from the columns was detected by western blot analysis. B, intracellular
interactions between Hsp27 and clients proteins was determined by Co-IP experiments. After
immunoprecipitation from column fractions of apparent native sizes of 100kDa for procaspase3,
600kDa for STAT2 and 800kDa for HDAC6, with a goat polyclonal anti-Hsp27 antibody,
immunoprecipited proteins and input cell lysates were analyzed in immunoblots probed with the

indicated antibodies.

Supplementary data 1: A, quantification of star3 gene relative expression by qPCR analysis.
B, HeLa cells were transitively transfected with Sh27 or Ms27. 48h after transfections

samples were collected and analyzed by western blot with STAT3 antibody.
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Partie 5 - Caractérisation de la déplétion de Hsp27 sur la formation de métastases et

de tumeurs osseuses.

Travaux en cours

De nombreuses études protéomiques ont mis en évidence une corrélation entre la forte
expression de Hsp27 et la présence de métastases chez les patients (Chen et al., 2004 ; Li et al.,
2006 ; Yao et al., 2009). Cependant aucune étude n’a été effectuée dans le but de déterminer le
lien direct entre Hsp27 et la formation de métastases. Nous avons entrepris, en collaboration avec
I’équipe du Docteur Philippe Clézardin (INSERM-U664, Lyon) de caractériser ’effet de la

déplétion de Hsp27 sur la formation de métastases osseuses chez la souris.

Nous avons réalisé des clones stables dans la lignée B02 qui métastase spécifiquement
dans la moelle osseuse de souris, une fois injection dans la circulation sanguine. Cette lignée a
pour origine la lignée métastatique de cancer du sein humaine MDA-MB231. Elle a été obtenue
par prélevement spécifique des métastases osseuses et réinjection, apres plusieurs passages chez
I’animal (Peyruchaud ef al., 2001). Nous avons obtenu des clones indépendants fortement déplétés
en Hsp27 (figure 1-A). Les clones déplétés en Hsp27 possedent des difficultés de migration

cellulaire (figure 1-B). Ces mémes clones seront prchainement soumis a des tests d’invasion.

Par ailleurs ces mémes cellules expriment constitutivement la luciférase. Un mélange de
cellules issues de ces différents clones a été réinjecté dans les veines caudales de souris Nude. Le
suivi d’envahissement métastatique a ensuite été¢ réalis€é chaque semaine avec détection de
bioluminescence ainsi que quantification de la lyse osseuse apres radiographie (figure 2-A et B).
Les suivis de I’évolution métastatique révelent que la formation des métastases et tres fortement
ralentie pour des cellules déplétées en Hsp27 (Figure 2-C).

En parallele a cette étude de formation de métastases, nous avons réalisé une analyse de la
formation de tumeurs primaires avec ces mémes cellules déplétées en Hsp27. Des xénogreffes ont
été réalisées directement par injection intra-tibiale afin de bénéficier des mémes facteurs
environnementaux de développement tumoral (Figure 3-A et B). En effet, la formation des
métastases est extrémement dépendante des conditions environnementales d’implantations. La
greffe de tumeurs dans des conditions similaires de croissance dans la moelle osseuse, permet de

corréler les données entre formation réelle des métastases et développement tumoral propre.
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Comme observé avec d’autres lignées cellulaires lors d’autres tests réalisés in vivo la déplétion en

Hsp27 ralentit la croissance tumorale (Figure 3-C).

En parallele de ces analyses in vivo, nous réaliserons une étude de caractérisation
moléculaire de ces clones. Nous avons déja pu mettre en évidence que certaines protéines clientes
comme STAT2 ont été dégradées dans les cellules ou I’expression de Hsp27 est inhibée. Ainsi,
nous analyserons la formation de structures importantes lors de 1’envahissement métastatique
comme la formation de 1’invadopode. Cette structure a été¢ montrée comme primordiale pour lors
du franchissement de la lame basale des organes par les cellules métastatiques (Buccione et al.,
2009). Cette structure est fortement corrélée a I’action d’enzymes capables de lyser les
composants de la matrice extracellulaire, ce qui favorise I’invasion et la migration des cellules

métastatiques comme les MMP (Matrix Metallopeptidase) (Wolf et Friedl, 2009).
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DISCUSSIONS-PERSPECTIVES:

Apres plusieurs décenies de travaux, des protéines sont apparues comme jouant un role
crucial dans les processus de cancérisation. En effet, les protéines dites anti-apoptotiques
favorisent I’apparition et la survie de cellules anormales pouvant mener a la formation de tumeurs.
Par ailleurs, ces protéines peuvent conduire a des phénomeénes de résistances de ces mémes
cellules aux traitements chimio et radio-thérapeutiques. Toutes ces protéines constituent des cibles
thérapeutiques de choix car elles ne sont pas dérégulées dans des cellules non pathologiques. Ces
protéines étant largement surexprimées dans les tumeurs, on peut imaginer qu’une thérapie les

ciblant spécifiquement permette d’augmenter la spécificité tumorale.

Hsp27 appartient a cette classe de protéines dite de survie. Son expression est dérégulée
dans de nombreux types de cancers ou elle confere une résistance aux cellules face au systéme
immunitaire ainsi que contre des traitements anti-cancéreux. Elle est donc une cible thérapeutique
majeure en cancérologie. Nous avons recherché des molécules capables d’inhiber
fonctionnellement Hsp27 sans moduler son taux de synthése. Nous avons choisi I’approche des
peptides aptameres qui ont €té criblés pour Etre spécifiques de cette protéine. Nous avons isolé des
aptameres capables d’inhiber les activités anti-mort cellulaire et tumorigene de Hsp27. Nous avons
ainsi pu montrer que le ciblage de Hsp27 par ces peptides, inhibait la croissance tumorale chez
I’animal en induisant le blocage du cycle cellulaire. Ces travaux peuvent permettre la modélisation
des sites d’interactions par approche bioinformatique et la caractérisation de drogues agonistes de
la structure des aptameres. Les composés chimiques présentant une structure tridimensionnelle
proche de celles de la région variable des aptameéres, pourront ainsi €tre testés afin d’étudier leurs

effets sur les fonctions de Hsp27.

Les aptaméres peuvent fournir un outil pour le développement de nouvelles molécules
basées sur le principe des pertes d’interactions. La modélisation des structures agonistes
d’interactions peptidiques semble étre I’un des seules solutions pour envisager le ciblage direct de
cibles thérapeutiques sans passer par 1’étape tres aléatoire du crible de molécules. Le « drug
design » de molécules permettra potentiellement une toxicité plus faible liée a une réelle
spécificité d’inactivation d’une cible donnée. Ce type d’approche a déja été utilisé pour le ciblage
du sillon d’interaction entre les protéines BH3 pro- et anti-apoptotiques de type Bax et Bcl-2

(Oltersdorf et al., 2005). En outre, il semble fort probable que I’aptamére en lui-méme ne puisse
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pas étre appliqué directement en thérapie humaine. Des vecteurs rétroviraux pourraient étre
utilisés mais il semble que les stratégies anti-sens s’avéreraient dans ce cas beaucoup plus
puissantes. Par ailleurs, il apparait que certains aptameéres peuvent permettre la séquestration de
leur cible, par exemple dans les agrésomes, ce qui peut engendrer une toxicité pour les cellules

saines du reste de 1’organisme (Tomai ef al., 2006).

Il est reste néammoins certain que la découverte de ces structures chimiques peut étre un
¢lément prépondérant pour cibler de nombreux types tumoraux surexprimant Hsp27. On peut
cependant s’interroger sur la spécificité d’action de telles molécules. Hsp27 comme toutes les
petites Hsp, ne possede pas d’activité dépendante de I’ATP. Nous avons pu montrer qu’un bon
moyen d’inhiber les activités des sHsp est de déstabiliser leurs structures tridimentionelles. On
peut donc s’interroger sur la spécificité d’action de composés sur ’ensemble de la famille des
sHsp. En effet, méme si le composé se liait spécifiquement a une seule cible de la famille, il est
fort probable, compte tenu de la forte hétérogénéité des combinaisons structurales des sHsp entre
elles, qu’une drogue engendre des modulations des fonctions de I’ensemble des autres sHsp. Par
ailleurs, il semble légitime d’envisager que le ciblage de Hsp27 et des autres a-cristallines
permettant la déstabilisation de leurs structures, puisse engendrer des formes d’agrégation de ces
protéines. Ces agrégats toxiques dont les effets sont observables notament dans les muscles et le
systeme nerveux lors de maladies génétiques résultant de mutations dans les génes codant les
sHsp, seront de toutes évidences des contraintes lors de thérapies anti-cancéreuses ciblant les sHsp

(Vicart et al., 1998 ; Evgrafov ef al., 2004).

L’autre alternative basée sur la création de drogues peptido-mimétiques est le décrochage
des protéines interactices du chaperon, clientes ou non. Ainsi, ’interaction de Hsp27 avec
différents acteurs de la cascade apoptotique comme le cytochrome ¢, HDACG6 ou la procaspase 3
pourrait étre perturbée par la présence des aptameres ou des peptides de la région variable. Il a par
ailleurs déja été¢ montré qu’un peptide pouvait fonctionnellement inhiber une interaction entre
Hsp27 et I'un de ses partenaires protéiques. Ce peptide correspond a la zone d’interaction
restreinte entre Hsp27 et la kinase PKC & et possede une activité pro-apoptotique (Kim et al.,

2007).
D’un point de vue plus fondamental, les aptaméres peuvent s’avérer €tre un outil tres

puissant pour comprendre les mécanismes moléculaires régis par Hsp27 et plus particulicrement

envers ses protéines clientes. Il semble aussi important de comprendre les réseaux d’interaction
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régis par Hsp27. Il a été montré que Hsp90 pouvait réguler par des interactions directes ou
génétiques environ 10% du protéome de levure (Bukau ef al., 2006). Il semble envisageable que le
nombre de partenaires protéiques soit aussi tres €levé pour les autres chaperons comme Hsp27, ce
qui pourrait expliquer la difficulté de démontrer une interaction physique entre Hsp27 et d’autres
protéines. Cependant, nous ne sommes pas parvenus pour I’instant, 3 démontrer 1’existence des
protéines clientes de Hsp27 avec la technologie des aptameres peptidiques. L hypothese retenue
est que nous n’avons pas pu réaliser des clones cellulaires exprimant de manic¢re stable les
aptameres, a des niveaux d’expression suffisamment élevés pour permettre le blocage complet des
fonctions de Hsp27. Nous avons par exemple pu noter au cours de différentes expériences, que les
aptameres possédaient une tendance a 1’auto-agrégation et qu’une majeure partie était présente
dans la fraction insoluble méme en présence de détergent. Ces contraintes techniques mises a part,
une autre incertitude réside dans 1’activité de la protéine armature des aptameres (thioredoxine A
de E. Coli dans notre étude). Outre son poids moléculaire relativement important compte tenu de
la faible taille de la région variable, on peut imaginer qu’elle joue un réle important dans
I’inhibition des interactions. On peut imaginer que la région variable interagisse réellement avec
sa cible mais que se soit la protéine squelette de I’aptamére qui par encombrement stérique,

perturbe I’interaction entre Hsp27 et ses autres partenaires protéiques.

Nous n’avons pu démontrer 1’existence de polypeptides dégradés en 1’absence de Hsp27
que par I’utilisation de shARN exprimés de maniére stable. Cette technique basée sur 1’inhibition
de la traduction d’une cible permet « d’éteindre » 1’expression d’un géne dans des cellules

données (Nilsen, 2007).

La premicre particularité¢ inhérente a cette méthode réside dans les différences que nous
avons pu constater entre des expériences d’expression réalisées de manicre stable ou de maniére
transitoire. Nous n’avons pas pu démontrer de modifications de prolifération des lignées
cancéreuses dans les expériences d’expression transitoire, corrélées a une faible diminution du
taux de protéines clientes difficilement quantifiable. Il semble que pour observer des phénoménes
d’inhibition de la prolifération comme la diminution du taux des protéines clientes, une expression
constitutive du shARN doit étre privilégiée. La sélection de clones stables sous-exprimant Hsp27 a
été tres différente suivant les lignées utilisées. Ainsi, il semble que Hsp27 joue un rdle plus ou
moins important dans la cytoprotection selon un type cellulaire donné. Il est probable que la
majeure partie des effets observés sur la prolifération a pour origine des difficultés de cytokinese

entrainant le retard de la division cellulaire. La dégradation des protéines clientes de Hsp27 est
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semble-t-il aussi importante pour expliquer les modifications observées sur le cycle cellulaire et
sans doute a I’origine de 1’observation de sénescence lors d’une déplétion en Hsp27 (O'Callaghan-
Sunol et al., 2007). Comme pour Hsp90 il semble délicat de prédire quelles sont les protéines
responsables de ce blocage, et il est méme fort probable que se soient les multiples défections qui

induisent cette accumulation des cellules en phase G2/M.

Il apparait que I’existence de ces protéines clientes pour Hsp27, permette d’émettre
sensiblement les mémes hypothéses que celles émises pour Hsp90 (Queitsch et al., 2002). Ainsi, il
est possible que Hsp27 possede les mémes capacités de masquage de mutations, ce qui donnerait
aux chaperons un second niveau de régulation de I’évolution des génomes en permettant la
conservation de mutations pourtant délétéres. En outre, il semble probable que des mutations
oncogéniques puissent elles aussi étre conservées comme le stockage de mutants de p53 par
Hsp90 (King et al, 2001). Bien que difficilement quantifiable pour D’instant, le nombre
d’interacteurs connus pour Hsp27 est en constante augmentation ce qui implique que le nombre
des protéines clientes de Hsp27 puisse étre relativement important.

Les fonctions de chaperon sur des polypeptides non mutés ou non altérés ne sont pas
encore bien caractérisées. Il semble que le fait de « chaperonner » une protéine permette de I’isoler
de la masse des protéines favorisant certaines interactions et certains types de réactions entre
protéines. La conséquence directe de cette séquestration serait 1’augmentation de la demi-vie de la
cliente. La dégradation dépendante de I’ubiquitine et du proteasome, observée pour les clientes de
Hsp27 comme pour celles de Hsp90, permet d’envisager que les clientes soient reconnues plus
facilement par la machinerie de dégradation. Elles ne seraient donc pas laissées libres dans le
cytosol puisqu’elles ne semblent pas €tre dégradées par des protéases non spécifiques de type
calpain. Cependant, pour la protéine HDACS6 il est possible que les autres protéases puissent jouer
un role, a moins que ’effet observé en présence d’inhibiteurs du protéasome soit lié aux facultés
d’induction de HDACG6 en présence d’agrégats protéiques (Kwon et al., 2007 ; Boyault et al.,
2007).

En outre, il semble aussi possible que la déplétion en Hsp27 puisse induire la dégradation
des protéines clientes d’autres chaperons. Cet effet a déja été observé en modifiant le taux de
Hsp70 ou du cochaperon cdc37 qui provoque la déstabilisation et la dégradation des clientes de

Hsp90 (Smith ez al., 2009).

Par ailleurs, ces fonctions chaperon et de protection contre une dégradation sont a mettre

en relation avec les autres fonctions de Hsp27 précédemment caractérisées. Ainsi, il est possible
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que Hsp27 participe au systeme de guidage des protéines vers une dégradation par le protéasome
mais aussi en participant a leurs modifications post-traductionnelles comme la sumoylation ou
I’acétylation (Brunet Simioni et al., 2009). Il restera aussi a déterminer si les interactions entre
Hsp27 et ses clientes potentielles sont des interactions fortuites partiellement aspécifiques de type
chaperon/substrat a protéger ou si ces interactions interviennent dans des processus biochimiques

complexes et régulés.

Dans des cellules normales, Hsp27 participe au maintien de I’homéostasie cellulaire. Ces
fonctions de régulation de conformation protéique sont exacerbées en conditions de stress. Ces
mémes mécanismes semblent étre dérégulés dans les cellules cancéreuses qui, pour survivre et
s’échapper, « piratent» un nombre important de mécanismes cellulaires. La surexpression de
Hsp27 fait partie de ces événements qui participent a 1’échappement tumoral. La découverte
d’inhibiteurs spécifiques a cette protéine, qu’ils soient peptidiques, a interférence ARN ou
chimiques permettra la compréhension des mécanismes moléculaires sous-jacents. Hsp27 semble
en outre, étre une cible thérapeutique prometteuse et son ciblage permettra de compléter le panel
des inhibiteurs dirigés contre les protéines de stress, afin d’inactiver spécifiquement tous les

membres de la « réponse au choc thermique ».
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PUBLICATION 6 - Protection against heat and staurosporine mediated apoptosis by the
HSV-1 US11 protein

Virology. 2008 Jun 20;376(1):31-41.

Le choc thermique, provoque de profondes modifications de l'expression génique telles
que l'inhibition de la réplication, de la transcription, de la maturation des messagers et enfin de
la traduction. La régulation majeure se situe lors de I'étape cruciale d'initiation de la traduction
(Holcik et Sonerberg, 2005). Pendant le choc thermique, la traduction de la majorité des
messagers coiffés est donc inhibée. Toutefois la traduction des messagers codant les Hsp
persiste. Les Hsp ainsi synthétisées favorisent la reprise de la synthese protéique a l'issue du
stress thermique. De méme, I’infection de cellules humaines par de nombreux virus et en
particulier par le virus herpes simplex de type 1 (HSV-1) induit, comme le choc thermique, une
dérégulation de I’expression génique cellulaire. Au cours de l'infection, par le virus HSV-1, on
observe une forte modification de l'expression génique résultant en une répression de la
synthese protéique des cellules infectées accompagnée de I’induction de I’expression des genes
codant pour les protéines de stress. Ces perturbations de la synthése protéique induites par
I’infection sont accompagnées d'une association aux fractions ribosomiques de nouvelles

protéines phosphorylées, dont le produit du geéne tardif Us//, apporté par le virion.

L'ensemble de ces données nous a conduits a analyser les fonctions de la protéine US11
dans des cellules soumises a un choc thermique ce qui constitue un modele d'étude des
interactions hote-pathogene représenté par cette protéine virale présente lors de I'infection donc

lors de la modification de I'expression génique cellulaire.

Nous avons mis en évidence que US11 exerce une protection contre la mort cellulaire
induite par un stress hyperthermique. Nous avons ainsi montré que la protéine virale, apres un
choc thermique, inhibe de maniére spécifique, 1'activation de la caspase 3 et provoque un délai
dans l'efflux de cytochrome ¢ de la mitochondrie. Enfin, la protéine US11 protege également
les cellules contre une apoptose induite par la staurosporine. La protéine virale agirait donc soit
au niveau de la mitochondrie soit en amont au niveau des voies de signalisation régulant

'apoptose mitochondriale.
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L'ensemble de nos observations suggere qu’il existe une relation entre la présence de la
protéine US11 et la résistance au choc thermique et a I'apoptose qui pourrait jouer un role dans
la réplication virale au cours de l'infection de la cellule hote ou suite a une réactivation induite
par la chaleur. La fievre étant chez I'hnomme, 1'un des facteurs les plus efficaces pour induire la

réactivation du virus latent.
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US11 protein, one of herpes simplex virus type 1 (HSV-1) true late gene products, plays a role in the virally
induced post-transcriptional control of gene expression. In addition, US11 expression also interferes with the
cellular response to HSV-1 infection that can lead to apoptosis. We have previously shown that US11
expression enhanced the recovery of cellular protein synthesis and increased cell survival in response to
thermal stress. Since heat shock can activate apoptosis, we tested for a possible anti-apoptotic behavior

of US11. Here, we show that, in HeLa cells, US11 expression strongly reduced heat induced apoptosis, a
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phenomenon independent of Hsp expression and characterized by a delayed cytochrome c efflux from
mitochondria and reduced caspase 3 activation. Moreover, US11 expression also protected against
staurosporine induced apoptosis. Hence, our results favor an anti-apoptotic activity of US11 polypeptide
that appears to be located at the level of mitochondria or upstream signaling pathways.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Apoptosis or programmed cell death, a highly regulated process
activated by various cell metabolism disturbing stimuli, is character-
ized by membrane blebbing, chromatin condensation, nuclear frag-
mentation and finally the formation of apoptotic bodies (Green, 1998).
Apoptotic execution is associated with activation of a family of cysteine
proteases known as caspases, which are broadly categorized as
initiator (caspase-2, -8, -9, -10) or executioner caspases (caspase-1,
-3, -4, -6, -7), that cleave specific proteins leading to the typical
hallmarks of apoptosis (Earnshaw et al., 1999; Lavrik et al., 2005). Two
main activation cascades for apoptosis induction have been identified.
One is induced through death receptors such as Fas/CD95, TNFa (Baetu
and Hiscott, 2002; Krammer, 2000) recruiting adapter proteins which
in turn bind and directly activate caspases (Nagata, 1997). In the

Abbreviations: DMEM, Dulbecco's modified Eagle's medium; DEVD-AFC, Asp-Glu-
Val-Asp-7-amino-4-trifluoromethylcoumarin; ER, Endoplasmic Reticulum; FADD, FAS-
associated death domain; GRP94, Glucose-Regulated protein 94; HSV-1, herpes simplex
virus type 1; IETD-AFC, Ile-Glu-Thr-Asp-7-amino-4-trifluoromethylcoumarin; JNK,
c-Jun NH, terminal kinase; LEHD-AFC, Leu-Glu-His-Asp-7-amino-4-trifluoromethyl-
coumarin; MOMP, mitochondrial outer membrane permeabilization; TNFq, tumor
Necrosis Factor a.
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5534, Centre de Génétique Moléculaire et Cellulaire, Université Claude Bernard, Lyon 1,
43, Bd du 11 Novembre, 69622 Villeurbanne Cedex, France. Fax: +33 472 43 26 85.

E-mail address: chantal.diaz@univ-lyon1.fr (C. Diaz-Latoud).

0042-6822/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2008.02.031

second pathway, through the action of pro-apoptotic Bcl-2 family of
polypeptides, mitochondrial membrane permeability is enhanced and
cytochrome ¢ and other pro-apoptotic molecules are translocated
from the mitochondria to the cytosol (Adams and Cory, 1998). After
cytochrome c release, apoptosis is initiated by the formation of
apoptosome, which triggers the caspase activation cascade (Li et al.,
1997).

Transient exposure of cells to a mild heat shock activates cellular
stress response and results in synthesis and accumulation of heat
shock proteins (Hsps). These evolutionary conserved proteins
render cells thermotolerant, resistant to subsequent lethal insults
(Georgopoulos and Welch, 1993), and protect them from the cyto-
toxic effects induced by aggregated proteins (Hendrick and Hartl,
1993). They also function as key regulators in the control of apo-
ptosis (Beere et al., 2000; Bruey et al., 2000; Mehlen et al., 1996;
Park et al., 2001).

Severe heat shock can cause cell viability loss and the resulting cell
death can occur through two morphologically and biochemical
distinct pathways: either necrosis, followed, in vivo, by an inflamma-
tory response (Harmon et al., 1990), or apoptosis with the involvement
of either the extrinsic or the intrinsic canonical pathways (Tibbles and
Woodgett, 1999; Zhao et al., 2006). The initial trigger for activation of
apoptosis after heat shock is not clearly understood but as prolonged
activation of the UPR can lead to apoptosis it might be linked to the
unfolded protein response (UPR) (Schroder and Kaufman, 2005).
Recent studies suggest that hyperthermia mediated cell death is
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independent of any of the known initiator caspase and therefore
might be induced through a specific pathway involving a novel apical
protease. This unidentified protease induces mitochondrial outer
membrane permeabilization (MOMP), cytochrome c release from the
mitochondria inter-membrane space to the cytoplasm and caspase 3
activation (Milleron and Bratton, 2006).

Apoptosis is also a mechanism of host cell defense against viral
infections. Consequently, many viruses have developed mechanisms
to block the premature death of the infected cells. Interestingly, HSV-
1, a large DNA virus coding for at least 80 genes could be considered
as a prototype of “anti-apoptotic” virus encoding several well de-
fined proteins that are able to counteract the wide diversity of HSV
infection-triggered cellular apoptosis albeit by mechanisms that
remain still largely unknown for most of them (for a review see
(Nguyen and Blaho, 2007)). US3, US5, ICP6 and LAT RNA are HSV
gene products that are able to counteract apoptosis in the absence of
other viral functions (Jerome et al., 1999; Langelier et al., 2002; Perng
et al,, 2000). Among these polypeptides, the one with the best
characterized anti-apoptotic activity is the US3 protein kinase
(Nishiyama and Murata, 2002). US3 kinase blocks apoptosis at a
pre-mitochondrial stage by degradation or posttranslational mod-
ification of BAD, a pro-apoptotic member of the Bcl-2 family (Munger
etal., 2001) or by suppression of JNK activation (Murata et al., 2002).
US3 also exerts anti-apoptotic effect downstream mitochondria and
this inhibition is dependent upon US3 catalytic activity (Ogg et al.,
2004) and blocks the proteolytic cleavage of procaspase 3 (Benetti
and Roizman, 2007).

US11 is an RNA-binding protein, post-transcriptional regulator of
gene expression (Attrill et al.,, 2002; Bryant et al., 2005; Diaz et al.,
1996). US11 interacts with several different cellular proteins such as
human ubiquitous kinesin heavy chain (uKHC) (Diefenbach et al.,
2002), homeodomain interacting protein kinase 2 (HIPK2) (Giraud et
al., 2004), double-stranded RNA-dependent protein kinase (PKR) and
a dsRNA-independent protein activator of PKR (PACT) (Cassady and
Gross, 2002; Peters et al., 2002). US11 has been reported as a potent
inhibitor of PKR activation through binding to dsRNA (Khoo et al.,
2002) or through direct interaction with PKR in the context of viral
infection (Cassady and Gross, 2002) and therefore could interfere with
the PKR mediated host cell responses. PKR expression is stimulated by
type 1 interferon during the cellular interferon-inducible antiviral
response. This serine-threonine kinase appears to play a primary role
in mediating the antiviral activities of infected cells through activation
of the FADD/caspase 8 death-signaling pathway (Balachandran et al.,
2000). PKR also plays an important role during ER stress-induced cell
death and is essential for efficient induction of the stress protein
GRP94 (Ito et al., 2007). Finally, US11 has been recently shown to also
counteract the activity of the 2’-5’ oligoadenylate synthetase (OAS), a
cellular protein critical for host cell defense (Sanchez and Mohr, 2007).
All these observations suggest that US11 might be involved in the viral
response against host cell defense and in particular in the inhibition of
apoptosis induced by viral infection although none of these studies
allow to clearly deciphering the molecular mechanisms by which this
could occur. Furthermore, these studies did not address directly the
question of whether HSV could counteract apoptosis induced by a
non-viral stress - like heat shock - that is known to induce viral
reactivation in humans.

We have previously shown that after heat shock, US11 exacerbates
the recovery of cellular protein synthesis and provides an increased
cell survival to thermal stress (Diaz-Latoud et al., 1997). Because
severe thermal stress induces apoptosis and is also one of the most
powerful inductor of HSV reactivation, we hypothesized that US11
mediated protection against the deleterious effects of heat stress
could result from its ability to counteract heat induced-apoptosis.
Here, we present evidence that in US11 expressing cells exposed to
heat shock, caspase 3 activation is delayed and cytochrome c efflux
from mitochondria strongly reduced. This suggests a yet undescribed

anti-apoptotic role for this viral protein at the level of mitochondria or
upstream signaling pathways that could be relevant for successful HSV
replication following reactivation by the uncontrolled increase of cell
temperature in infected humans.

Results
US11 protects cells against heat induced apoptosis

The resistance to heat induced apoptosis was analyzed in the
previously characterized HeLa cells constitutively expressing US11,
HL5e6 (Simonin et al., 1995). HL5e6 and control HLNeo7 cells were
heat treated for 1 h at 44 °C and allowed to recover for 3 h. The extent
of heat induced apoptosis was then determined by measuring the
level of externalization of phosphatidylserines (PS), an event which is
observed during maximal apoptosis and that can be visualized by the
binding of (FITC)-conjugates Annexin V to non-permeabilized cells.
Fig. 1A presents two-dimensional FACScan analysis of propidium
iodide (PI) / Annexin V staining. Quantitative analysis (Fig. 1B) showed
that, after heat shock treatment, the percentage of viable HLNeo7 cells
(PI'and Annexin V negative cells) dropped from 82% to 52% of the total
cell population whereas the decrease was far less intense (77% to 73%)
in US11 expressing cells. Statistical analysis demonstrated the signifi-
cance of the differences in the percentages of viable cells observed
between control and US11 expressing cells. These results strongly
suggest that the expression of US11 protein protects HeLa cells against
heat induced apoptosis.

US11 reduces caspase 3 activation after heat shock

The processing of the executioner caspase 3 is an essential event to
complete the destructive phase of apoptosis (Slee et al., 1999).
Therefore, to further characterize US11 protein function in HeLa cells
during heat shock, we next analyzed whether this polypeptide could
modulate the heat induced activation of caspase 3. To render the
results more robust, these experiments were performed using two
different clones of HeLa cells expressing constitutively different levels
of US11, HL5e6 clone expressing 50% more viral protein than HL5al
cells as already described (Diaz-Latoud et al., 1997). An immunoblot
analysis of the 32 kDa procaspase 3 processing, in HeLa cells expressing
or not US11, after a heat shock treatment (1 h at 44 °C) and during
recovery at 37 °C is presented in Fig. 2A. The analysis of the pixel
density of procaspase 3 band showed a strong decrease in the level of
procaspase 3 in control cells after heat shock whereas no decrease was
observed in US11 expressing cells. As expected the 17 kDa caspase 3
processed fragment was not detected in untreated cells. This fragment
was clearly detected in HLNeo7 cells 2 h after the end of heat shock and
its amount reached a maximum level after a 4 h recovery period.
Conversely, this fragment was not detected in both US11 expressing
cells after a 2 h recovery period and was barely detectable after 8 h of
recovery in HL5a1 cells.

In order to monitor more finely this phenomenon, heat induced
caspase 3 activity was then monitored by cleavage of fluorescent
DEVD-AFC substrate analysis (Fig. 2B). As expected, heat shock
induced an important increase of caspase activity in HLNeo7 control
cells that reached up to a 10-fold activation after 4 h of recovery
(Fig. 2B, black bars). Conversely, heat shock did not induced a
significant caspase 3 activation in both US11 expressing cell lines
whatever was the duration of recovery period (2, 4 and 6 h) (Fig. 2B,
grey bars).

To determine if the delay in caspase 3 activation observed in US11
expressing cells was not a consequence of a cellular adaptation to the
constitutive presence of US11, we performed the same type of
experiments in Hela cells transiently expressing US11. HeLa cells
transfected with either an US11 expressing vector or a control vector
were submitted to a one-hour heat shock at 44 °C 36 h after
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Fig. 1. US11 protein reduces heat induced apoptosis. HLNeo7 control and HL5e6 US11 expressing cells, treated for 1 h at 44 °C, were harvested 3 h after the heat shock treatment.
(A) Cells were then stained with Annexin V and propidium iodide and analyzed as described in Materials and methods. Data are representative of one out of three experiments with
comparable results. (B) Lower left square: Annexin V and PI negative cells quantification from panel A. Values represent mean+S.D of three independent experiments. Student's t test
analysis demonstrated significance P=0.0035 of the differences between staurosporine treated HLNeo7 and HL5e6 cell lines.

transfection and procaspase 3 processing was evaluated after 4 h of
recovery at 37 °C. This experiment clearly showed that caspase 3
activation was 2-fold higher in cells transfected with the control
vector than in cells transfected with the US11 expressing vector (data
not shown). It was then concluded that the anti-apoptotic activity of
US11 described here did not result from an adaptation of the cells to a
prolonged expression of this viral protein.

US11 protein precludes heat shock induced cytochrome c release induced
by heat shock

As most apoptotic inducers, heat shock induces the release of
cytochrome ¢ from the mitochondria inter-membrane space to the
cytoplasm (Samali et al., 2001). We therefore determined the level of
cytochrome c efflux from mitochondria in control HLNeo7 and US11
expressing HL5e6 cells either immediately after heat shock or after
3 h of recovery (Fig. 3A). Cells were heat shock treated for 1 h at 44 °C

and the intensity of cytochrome c release was determined after cell
fractionation as described in the Materials and methods section. As
control of mitochondria integrity after cell fractionation, cytochrome
¢ was undetectable in the supernatant fraction of untreated cells. A
high level of cytochrome ¢ was detected in the supernatant of control
cells immediately after the heat treatment whereas the level found in
HL5e6 cells was very low. Three hours after heat shock the level of
cytochrome c detected in the cytosol of control cells was less im-
portant than immediately after heat shock suggesting a degradation
of this polypeptide. At the same time period in HL5e6 cells, the level
of cytosolic cytochrome ¢ began to increase although it never
reached that observed in control cells immediately after heat stress.
These results lead to the conclusion that US11 protein dramatically
delayed the cytochrome c efflux from mitochondria induced by heat
shock.

The canonical mitochondria-dependent apoptotic pathway leads
to the caspases cascade initiation resulting from the activation of
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Fig. 2. US11 protein reduces caspase 3 activation after heat shock. (A) Procaspase 3 processing analysis. HLNeo7 control cells (lanes 1) or HL5a1 and HL5e6 US11 expressing cells (lanes
2 and 3 respectively) were heat shock treated for 1 h at 44 °C and allowed to recover for 2 to 8 h before analysis. Cell extracts were analyzed in immunoblots probed with anti-caspase
3 antibody. The procaspase 3 form was quantitated. (B) Caspase 3 activation analysis. Control HLNeo7 and US11 expressing HL5a1 and HL5e6 cells were treated as described above in
(A) and allowed to recover for 2 to 6 h. Activity of DEVD-specific caspase was then measured using the fluorescent substrate DEVD-AFC as described in Materials and methods.
Activation index was determined as the ratio between activities in extracts of treated cells to that measured in extracts of untreated cells. Columns represent the mean and error bars
represent the standard deviation of three experiments. Note the protective activity of US11 protein observed 4 h after heat shock that correlates with the inhibition of procaspase 3

cleavage shown above in (A).

caspase 9 as a consequence of the formation of the apoptosome
machinery which consists of procaspase 9, Apaf-1 and translocated
cytochrome c (Li et al., 1997). Therefore, as we observed a reduced
cytochrome c efflux from mitochondria in heat shock treated US11
cells, we next analyzed the level of procaspase 9 processing by
western blot analysis (Fig. 3B) or by a fluorometric assay (Fig. 3C). This
was done using HLNeo7 and US11 expressing cells, HL5e6 and HL5a1,
exposed to heat shock. Cells were exposed or not to heat shock for 1 h
at 44 °C and analyzed after 2 or 4 h of recovery at 37 °C. As shown
in Fig. 3B, in control HLNeo7 cells exposed to heat shock, a slight
decrease in the level of procaspase 9 was observed after 4 h of
recovery following heat shock suggesting a cleavage. Conversely, no
decrease in procaspase 9 level was observed in the US11 expressing
HL5a1cells.

As shown in Fig. 3C, in control HLNeo7 cells, heat shock
induced a moderate cleavage of the caspase 9 fluorogenic substrate

LEHD-AFC in response to heat shock whereas the effect was
attenuated in both US11 expressing cells, HL5e6 and HL5al. It is
also intriguing to note that in US11 cells allowed to recover for 6 h
after heat shock, the activity of caspase 9 was even lower than the
activity observed in untreated cells. These results show that US11
interferes with the weak caspase 9 activation in HelLa cells after
heat shock.

US11 protein reduces caspase 8 activation after heat shock

The c-Jun NH,-terminal kinase (JNK) activation in mammalian
cells is an early event in stress induced apoptotic program (Adler
et al., 1995). Furthermore JNK activation initiates a FADD-dependent
caspase-8 signal transduction pathway leading to programmed cell
death (Chen and Lai, 2001). These observations lead us to analyze
procaspase 8 processing in HLNeo7 and HL5al after 2, 4 or 8 h of
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Fig. 3. US11 expression interferes with cytochrome c release and with the heat shock induced caspase 9 activation. (A) Cytochrome c release analysis. Control HLNeo7 and US11
expressing HL5e6 cells were either kept untreated or heat shock treated for 1 h at 44 °C and allowed or not to recover for 3 h. Cells were then processed and proteins were analyzed in
immunoblots as described in Materials and methods. The presence of cytochrome c and actin in the different fractions is shown. P: pellet from untreated cells. Supernatant: soluble
fraction of untreated cells or heat shock treated cells. Note that US11 protein strongly decreases the release of cytochrome c observed in control HLNeo7 cells immediately after heat
shock. (B) Procaspase 9 processing analysis. Control HLNeo7 (lanes 1) and US11 expressing HL5a1 cells (lanes 2) were either kept untreated or heat shock treated for 1 h at 44 °C and
allowed to recover for 2 to 8 h. Cells extracts were immunobloted with an anti-caspase 9 antibody. (C) Caspase 9 activation analysis. Control HLNeo7 and US11 expressing HL5a1 and
HL5e6 cells were treated as described above in (B) and allowed to recover for 2 to 6 h. Caspase 9 activity was measured against fluorometric substrate LEHD-AFC as described in
Materials and methods. Activation index was determined as the ratio between the activities in extracts of treated cells to that measured in extracts of non-treated cells. Columns
represent the mean and error bars represent the standard deviation of three experiments. Note the protective activity of US11 protein that correlates with the inhibition of procaspase

9 cleavage shown above in (A).

recovery at 37 °C following a 1 h heat shock at 44 °C. As shown in the
immunoblot (Fig. 4A), exposure of control HLNeo7 cells to heat shock
resulted in a weak but reproducible decrease in the level of the
p55 kDa procaspase 8 isoform and a stronger decrease of the p53 kDa
isoform as shown by the pixel density analysis. In contrast, in HL5a1l
cells the level of these proteins remained unchanged and this even
8 h after the heat shock treatment. Caspase 8 activation was also
monitored using a fluorometric assay. US11 expressing, HL5al
anHL5e6 and control HLNeo7 cells were heat shocked for 1 h at
44 °C and allowed to recover for 2, 4 or 6 h before caspase 8 activation
was determined by the IETD-AFC cleavage assay. As shown in Fig. 4B,
in control cells, heat shock induced a stimulation of the activity of
caspase 8 that reached a maximum 2-fold intensity after 4 h of
recovery. In contrast, heat shock did not stimulate caspase 8 activity
in both US11 expressing cell lines but rather induced an inhibition of
this activity.

US11 protects against apoptosis independently of the presence of the
heat shock proteins

Since (i) after heat shock US11 protein enhances protein synthesis
recovery and (ii) Hsps are known to protect against apoptosis, we next
analyzed whether some of the effects described above could be
attributed to an enhanced accumulation of Hsps after heat shock. For
this, cells were treated with cycloheximide prior to heat shock
treatment in order to inhibit translation during and after heat shock.
Control HLNeo7 and US11 expressing Hela cells were heat shock
treated for 1 h at 44 °C in the presence or not of 20 pg/ml of
cycloheximide and allowed to recover for 4 h before the immunoblot
analysis of procaspase 3 processing was performed. As shown in
Fig. 5A, cycloheximide treatment alone did not induce procaspase 3
cleavage in control or US11 expressing cell lines. In contrast, the
processing of caspase 3 observed in control HLNeo7 cells exposed to
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Fig. 4. US11 protein reduces caspase 8 activation after heat shock. (A) Procaspase 8 processing analysis. HLNeo7 control cells (lanes 1) and HL5a1 US11 expressing cells (lanes 2) were
heat shock treated for 1 h at 44 °C and allowed recovering for 2 to 8 h before procaspase 8 analysis. Cell extracts were immunobloted with anti-caspase 8 antibody. The p53 and p55
procaspase peptides 8 were quantitated. Note the decreased level of procaspase 8 in control HLNeo7 cells allowed to recover 2 or 4 h after heat shock. (B) Caspase 8 activation analysis.
Control HLNeo7 and US11 expressing HL5a1 and HL5e6 cells were treated as described above in (A) and allowed to recover for 2 to 6 h. Activity of caspase 8 was then measured using
the fluorescent substrate IETD-AFC as described in Materials and methods. Activation index was determined as the ratio between the activities in extracts of treated cells to that
measured in extracts of non-treated cells. Columns represent the mean and error bars represent the standard deviation of three experiments. Note the protective activity of US11

protein that correlates with the inhibition of procaspase 8 cleavage shown above in (A).

heat shock was highly increased in the presence of cycloheximide
whereas no processing was observed in US11 expressing cells.
Fluorometric analysis of caspase 3 activity was also performed. Results
presented in Fig. 5B confirmed that cycloheximide, at the concentra-
tion used in this experiment, did not activate caspase 3 in the three
cell lines. Interestingly, immediately after heat shock treatment,
caspase 3 activity was increased 6.7-fold in control HLNeo7 cells
whereas the increase was of only 2.7- and 1.2-fold in the case of HL5a1
and HL5e6 cell lines, respectively. After a 3 h recovery period the
increase was up to 8.2-fold in HLNeo7 cells and only 4.4- and 2.7-fold
in US11 expressing cells. These results indicate that the interference of
US11 with caspase 3 activation process after heat shock was not
dependant upon any de novo protein synthesis.

US11 also protects against staurosporine induced apoptosis

In order to further analyze the protective function mediated by
US11 in HeLa cells, we have analyzed whether this protein could also
interfere with the apoptotic process induced by the broad kinase
inhibitor staurosporine (Fig. 6). To this aim, HLNeo7 and HL5e6 cells
were exposed for 4 h to 0.3 uM of staurosporine. The intensity of the

apoptotic process was subsequently estimated by staining the cells
with Annexin V/PI (Fig. 6A). Quantitative analysis of the phenomenon
revealed that after staurosporine treatment, the percentage of viable
HLNeo7 cells (PI and Annexin V negative cells) dropped from 78% to
63% of the total cell population whereas the decrease was far less
intense (77% to 72%) in US11 expressing cells. (Fig. 6B) shows a phase-
contrast morphological analysis of cells realized after a 3 h treatment
with 0.2 uM of staurosporine. HLNeo7 cells presented apoptotic
features when compared with US11 expressing cells that had little to
no features characteristic of apoptotic cells. Fig. 6C shows the caspases
activities determined after staurosporine treatment. Caspases 3 and
8 activities were analyzed after a 4 h of treatment with 0.2 pM
staurosporine. A significant 10-fold increase in caspase 3 activation
was observed in HLNeo7 cells. In contrast, only a 4.5- and 5.5-fold
increase was detected for the HL5a1 and HL5e6 cell lines, respectively.
In the case of caspase 8, control HINeo7 cells showed a 2.5-fold
activation level, meanwhile US11 cells did not show any activation
after staurosporine treatment. Caspase 9 activation level was deter-
mined after a 2.5 h treatment with either a 0.2 or 0.3 uM concentration
of staurosporine. In control cells caspase 9 activation was 3.4-fold
whereas in HL5a1 and HL5e6 cells it was 2.3 and 1.6 respectively. The
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Fig. 5. US11 anti-apoptotic function is independent of Hsp neosynthesis. (A) HLNeo7 control cells (lanes 1) as well as HL5a1 and HL5e6 US11 expressing cells (lanes 2 and 3) were
either kept untreated or exposed to a 1 h heat shock at 44 °C followed by a recovery period of 4 h at 37 °C. The experiment was performed in the presence or not of 20 pg/ml of
cycloheximide. Cell extracts were immunobloted with anti-caspase 3 antibody. (B) Caspase 3 activation analysis. Control HLNeo7 and US11 expressing HL5a1 and HL5e6 cells were
treated with cycloheximide and exposed to heat shock as described above in (A). Activity of DEVD-specific caspases was then measured using the fluorescent substrate DEVD-AFC
(see Materials and methods) either immediately after heat shock or after a 3 h recovery period at 37 °C. Activation index was determined as the ratio between activities in extracts of
treated cells to that measured in extracts of non-treated cells. Columns represent the mean and error bars represent the standard deviation of three experiments.

differences were obvious after a 0.3 puM treatment as control cells
showed a 5.2-fold activation and the Us11 expressing cells a 3.7 and
2.5 activation level. The differences observed were significant as
shown by the statistical analysis. These results clearly suggest that the
anti-apoptotic activity of US11 is not restricted to heat shock and is
also efficient towards staurosporine induced apoptosis.

Discussion

Previously, we have demonstrated that the expression of late viral
protein US11 of HSV-1 enhanced protein synthesis recovery after heat
shock and induced a cellular protection against this stress (Diaz-
Latoud et al., 1997). The aim of this work was to determine if US11 was
able to protect against heat shock through an anti-apoptotic activity.

Consequently, in order to discriminate between the HSV-1 and heat
induced apoptosis, we have analyzed the effects mediated by US11
expression alone and not in the context of viral infection. The results
presented here show that in heat shock treated Hela cells, US11
protein highly reduced the number of apoptotic cells, counteracted
the dramatic cytochrome c efflux from mitochondria and powerfully
inhibited the strong activation of the executioner caspase 3.

These results are of major interest in depicting the exact molecular
mechanism underlying the heat induced apoptosis. We show a strong
activation of caspase 3 and cytochrome c release in HeLa cells after
heat shock along with minor caspase 8 and caspase 9 activations. This
suggests that, in HeLa cells, the FADD pathway is not directly involved
to trigger heat induced apoptosis but is probably activated by
downstream executioner caspases amplifying the activity of upstream
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caspases, such as caspase 8 (Wieder et al., 2001). Furthermore the Milleron and Bratton observations in Jurkat T cells showing that
weak caspase 9 activity in HeLa cells after heat shock suggests that caspase 9 is not essential for activation of caspase 3 or the induction of
caspase 9 activation is not induced by the apoptosome formation after apoptosis after heat shock (Milleron and Bratton, 2006).

cytochrome ¢ release from mitochondria and might result from Interestingly, in US11 expressing cells exposed to heat shock,
another activation pathway. These results are strengthened by caspase 3 activity is strongly inhibited. In the same conditions MOMP
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is probably highly reduced in the presence of US11 protein since
cytochrome c efflux is not observed immediately after heat shock but
slightly 3 h later and might result from a secondary response. We
therefore concluded that this viral protein could interfere either with
the heat shock induced mitochondria damage or with upstream
signaling pathways activated by the heat shock treatment.

We have already shown that constitutive expression of US11
protein in HeLa cells does not induce any Hsp accumulation (Diaz-
Latoud et al., 1997). As Hsp synthesis is an early cell response after heat
shock we then tested whether US11 protective effect after heat shock
was still observed in conditions where Hsps synthesis was inhibited
during and after heat shock by the use of the protein synthesis
inhibitor cycloheximide. This resulted in an increased activation of
caspase 3 immediately after heat shock, hence confirming the
apoptosis protection mediated by Hsps. Whatever in these conditions,
the presence of US11 still induced a strong inhibition of caspase 3
activation, a result which indicates that this viral protein generates an
anti-apoptotic property that is active in heat shock treated cells and
whose function is independent of the presence of newly made Hsps
interfering or up-regulating its activity.

Our results provide direct evidence for a causal relationship
between the presence of US11 protein and an important delay and
reduction in heat shock induced apoptosis in Hela cells. This points
out a mechanism by which HSV-1 could challenge apoptosis in cell
submitted to heat stress. Indeed heat stress is one of the most efficient
agent to induce reactivation of the latent virus in vivo (Roizman, 1990)
and is currently used to reactivate the virus in mice latent model
(Sawtell and Thompson, 1992).

In order to better characterize this anti-apoptotic activity of US11
protein, we also tested the activity of the viral protein in HelLa cells
exposed to the broad apoptotic agent staurosporine. Our results clearly
show that US11 expression also strongly decreased apoptosis of the cells
and reduced caspase 3, -8 and -9 activations induced by staurosporine.

Altogether these observations demonstrate that US11 protein
protects HeLa cells against apoptotic cell death induced by different
means, thereby suggesting for this viral protein a novel undescribed
function at the level of the apoptotic machinery. US11 could therefore
be considered as an anti-apoptotic protein of HSV-1 like already
characterized US3, US5, and ICP6 proteins. It has been shown that the
accumulation of true late proteins is not required for apoptosis
prevention (Aubert et al., 2001). However US11 is brought into the cell
by the viral particle and its behavior differs from that of the protein
synthesized at the late stage of viral infection (Tan and Katze, 2000).
Interestingly it has been recently shown that HSV-1 blocks apoptosis
by targeting Bax and precluding cytochrome c efflux from mitochon-
dria (Aubert et al., 2007) one might speculate that US11 protein
brought into the cell by the virion could be involved in this
mechanism. Our results show that US11 preclude early cytochrome ¢
efflux from mitochondria during heat shock and it would be of great
interest to analyze whether US11 interacts with the pro-apoptotic Bax
protein. It would be also of interest to determine if apoptosis is
reduced or delayed in US11 expressing Hela cells during HSV-1
infection.

Whether or not US11 protein could also protect from apoptosis the
HSV-1 infected cells submitted to heat shock is an interesting

hypothesis that could be tested by analyzing heat shock induced
apoptosis in cells infected by virus containing mutations in US11 gene.

Materials and methods
Cells lines

All cells were grown at 37 °C in a humidified atmosphere con-
taining 5% CO,. HelLa cells were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% heat inactivated fetal calf
serum. Construction and selection of the two clones expressing US11
(HL5a1 and HL5e6) and control cell line (HLNeo7) have already been
described (Simonin et al.,, 1995). For transient expression, exponen-
tially growing Hela cells were seeded at a density of 1.5x10° cells/
78 cm? one night before transfection with 6.5 pg of pG9 vector
according to the Lipofectamine™ reagent procedure (Invitrogen,
Cergy Pontoise, France). In the pG9 construct US11 coding sequence
is under the control of the cytomegalovirus promoter. The DNA was
left on cells for 3 h; cells were then washed once with PBS buffer and
further incubated in fresh medium. Twenty-four hours after transfec-
tion, cells were submitted to heat shock.

Heat shock was performed by immersing culture dishes into a
water bath regulated at 44 °C+0.05 °C.

Reagents

Nonidet P-40, Triton X-100, desoxycholic acid, dithioerythritol,
staurosporine, and G418 were from Sigma (St-Louis, MO). Cell culture
media and complements were from Invitrogen (Cergy Pontoise,
France). The specificity of anti US11-antibody has already been
described (Diaz et al., 1993). Anti-caspase 9 antibody was from
Stressgen (Victoria, BC, Canada). Anti-cytochrome c antibody clone
7H8.2C12, anti-caspase 3 and anti-caspase 8 antibodies were from
Pharmingen (San Diego, CA). The primary antibodies were detected
with either anti-rabbit or anti-goat immunoglobulins conjugated to
horseradish peroxidase, Amersham Corp. (UK). Protease inhibitors,
complete cocktail, were from Roche Diagnostics, (Meylan, France).

Measurement of apoptosis

Apoptosis was assessed by determination of the binding of FITC-
conjugated Annexin V protein to the phosphatidylserine residues
present on the outer leaflet of apoptotic cell membranes as already
described (Gonin et al., 1999). Annexin V and propidium iodide (PI)
staining were used to differentiate necrotic from apoptotic cells. Samples
were analyzed by flow cytometry using a FACS Scan analyzer (Becton
Dickinson, Le Pont de Claix, France). Annexin V-FITC and PI related
fluorescence was recorded using FL1-H and FL-3H filters respectively.

Measurement of caspase activity

The caspase activity assays were performed with specific fluoro-
metric substrates according to the protocols supplied by the manu-
facturers. Briefly, after treatment 10° cells (caspase 3 and caspase 8
assays) or 2x10° (caspase 9 assay) were harvested and subsequently

Fig. 6. US11 protein also reduces apoptosis induced by staurosporine. (A) HLNeo7 control cells or HL5e6 US11 expressing cells were treated for 4 h with 0.3 uM of staurosporine. After
treatment, cells were stained with Annexin V and propidium iodide and analyzed as described in Materials and methods. Data are representative of one out of three experiments with
comparable results. Lower left square Annexin V and PI negative cells quantification: values represent mean+S.D of three independent experiments. Student's t test analysis
demonstrated significance P=0.0005 of the differences between staurosporine treated HLNeo7 and HL5e6 cell lines. (B) Phase-contrast morphological analysis of cells after
staurosporine treatment. HLNeo7 control untreated cells or HLNeo7, HL5a1 and HL5e6 US11 expressing cells treated for 3 h with 0.3 uM of staurosporine. Scale bar=10 pM.
(C) HLNeo7 control cells or HL5a1 and HL5e6 US11 expressing cells were treated with staurosporine. Caspase activation was determined as the ratio between the activities in extracts
of treated cells to that measured in extracts of non-treated cells. Caspase 3 and caspase 8 activities were analyzed after 4 h of treatment with 0.2 or pM of staurosporine using the
fluorescent substrate DEVD-AFC or the fluorescent substrate IETD-AFC respectively. Caspase 9 activity was measured against fluorometric substrate LEHD-AFC, as described in
Materials and methods, after 2.5 h of treatment with either 0.2 or 0.3 pM of staurosporine. Columns represent the mean and error bars represent the standard deviation of three

experiments. Student's t test analysis demonstrated significance (**P<0.005 and ***

P<0.0001) of the differences between HLNeo7 and HL5a1 or HLNeo7 and HL5e6 cell lines.
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washed twice in ice-cold phosphate-buffered saline (PBS), pH 7.4.
Thereafter, cells were spun at 200 xg for 5 min and the dry cell pellets
were stored at -80 °C. Caspase 3 and caspase 8 activities were
determined by detection of the proteolytic cleavage of DEVD-AFC
or IETD-AFC respectively using the ApoAlert fluorescent assay kits
(Clontech, Montigny les Bretonneux, France). Determination of
caspase 9 activity was performed using the caspase 9 Fluorometric
Assay (R&D, Abingdon, UK) which is based on the caspase 9
fluorogenic substrate LEHD-AFC. Quantitation of fluorescence was
determined in a Victor Wallach cytofluorometer (EG&G Instruments,
Evry, France), excitation was at 400 nm and emission at 505 nm.

Gel electrophoresis and immunoblotting

After heat shock treatment, cells were either immediately scraped
or allowed to recover for different time periods at 37 °C before being
harvested. Cells were rinsed twice in ice-cold PBS and scraped off the
dish. At this point, aliquots were withdrawn for determination of
protein concentration. Thereafter, cells were lysed in boiling SDS
buffer (62.5 mM Tris-HCl, pH 6.8; 1% SDS; 0.1 M dithioerythritol; 10%
glycerol and 0.001% bromophenol blue). Cell lysates were subjected to
SDS-PAGE (Laemmli, 1970) and immunoblots were performed as
previously described (Diaz-Latoud et al.,, 2005). The detection of
immunoblots was performed with the ECLTM system (Amersham
Life Science). Autoradiographs were recorded onto X-Omat LS films
(Eastman Kodak Co, Rochester, NY).

Cytochrome c release from mitochondria

The method described by Bossy-Wetzel et al. (1998) was used with
some modifications. In brief, about 2x10° cells were harvested and
subsequently washed twice in ice-cold PBS, pH 7.4. Cells were spun at
200 xg for 5 min and then resuspended in 600 ul of extraction buffer
containing protease inhibitors. Cells were incubated for 30 min on ice,
then homogenized with a glass dounce and a B pestle (80 strokes).
Lysates were spun for 15 min at 14, 000 xg. Thereafter, pellets were
directly dissolved in SDS sample buffer while supernatants were
diluted 1:1 in 2x sample buffer and boiled for 5 min. Protein analysis
was performed in 16.5% SDS-polyacrylamide gels. Gels were then
processed for immunoblotting as described before.
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PUBLICATION 7 - Nuclear protein and Cajal body-associated coilin modulates the

mitochondrial apoptotic pathway after UV-C irradiation.

Soumis a J. Mol Biol.

La coiline est une protéine nucléaire localisée principalement dans les corps de Cajal. Elle
subit une dérégulation de sa localisation au cours des différents stress comme les UV, les
irradiations ou les infections virales. Il a été montré que la modulation d’expression de la coiline
conduisait a des perturbations de la transcription (Morency et al., 2007). Cependant la coiline
n’est pas exclusivement localisée dans les corps de Cajal. En effet, la coiline est massivement
retrouvée sur les centrosomes lors de stress, en compagnie d’autres protéines des corps de Cajal
que sont la fibrilarine et SMN (Survival Motor Neuron). Ces trois protéines participeraient a un
mécanisme de protection contre les aggressions que peuvent subir les centromeres interphasiques

(Morency et al., 2007).

Au cours de cette étude, nous avons pu montrer que la coiline était une protéine importante
lors de la réponse aux dommages de I’ADN liée aux UV-C. Ainsi, la déplétion de la coiline par
siARN conduit a augmenter la survie de cellules ou la protéine suppresseur de tumeur p53 est
mutée ou inactivée. Ces mémes observations ont été réalisées dans des cellules HCT116 p53-/- ou
p53 a été inactivée par recombinaison homologue (Bunz ef al., 1998). Cette augmentation de la
survie est corrélée a une activation beaucoup plus faible des caspases exécutrices 3 et 7. De plus
I’apoptose mitochondriale semble massivement inhibée en absence de coiline. Ainsi, la sortie du
cytochrome ¢ tout comme la formation des oligomeres du BH3 pro-apototique Bax, semble
largement inhibée dans des cellules privées de coiline. De plus, la modulation négative du taux de
coiline semble spécifique d’une apoptose mitochondriale, puisque des stimulations par le liguant

de mort TRAIL ne conduisent pas a une modulation de I’apoptose.
L’ensemble de ces résultats donne a penser que la coiline serait une protéine impliquée

dans la détection des dommages a I’ADN et la transduction du signal pro-apoptotique ayant pour

origine le noyau.
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Coilin, a major component of Cajal body
nuclear domains, is a highly dynamic
protein whose nuclear distribution changes
dramatically following various stressful
stimuli such as irradiation, drugs, and even
viral infection. Since coilin was recently
implicated in a cell response triggered by
the uncontrolled disruption of interphase
centromere chromatin, we assumed that
any abrupt stress on chromatin, such as
that induced by UV-C, might implicate
coilin in a signalling pathway. Coilin was
depleted with siRNAs in various cell lines
before they were stressed with UV-C. The
absence of coilin reduced susceptibility to
apoptosis in a dose- and cell type-dependent
manner and inhibited effector caspase
activation and PARP-1 inactivation. The
mitochondrial-controlled apoptotic pathway
was suppressed in coilin-depleted HelLa
cells correlated with a defect in
mitochondrial cytochrome c release and the
absence of Bax oligomere formation. This is
the first report on the biological role of
coilin as a modulator of the apoptotic
intrinsic pathway following a stress
affecting chromatin structure.

Since its discovery in the early 1990s (1),
coilin has been described as a major structural
component of the nuclear domains known as
Cajal bodies (CBs), but its actual biological
activity remains a mystery (2). Coilin is a
conserved protein across species, and
orthologs have been described in the mouse
(3), Arabidopsis thaliana (4), Xenopus laevi
(5), and recently, Drosophila melanogaster
(6). Despite this evolutionary conservation
suggesting an important role in cell
physiology, coilin is not essential for

France. Fax:  ++33.472-432-685. E-mail:

development of mice (7), plants (4), or
Drosophila (6). However, depending on their
genetic background, coilin knockout mice can
have significant viability, fertility and
fecundity defects (7,8), which suggests that if
coilin is not essential on a short timescale, it
might be important over the entire life of an
organism.

Coilin is a dynamic protein within CBs
(9-11) that responds acutely to different
cellular stresses mainly, but not solely,
perturbing transcription (12-14). Therefore,
coilin may have some hidden biological
activities that might be important only in the
context of acute, non-programmed, cellular
changes that profoundly disturb cell
homeostasis. Several studies and independent
observations note that CB-associated coilin
probably represents a small fraction (about
30%) of the total protein, leaving questions
about putative non-CB-associated activities
(15). We recently described the centromeric
accumulation of coilin and two of its CB-
associated partners, fibrillarin and the survival
motor neuron (SMN) protein, following
disruption of the chromatin structure of the
interphase centromeres by a viral protein (14).
Similarly, the depletion of the centromeric
chromatin organizer CENP-B, and to a lesser
extent the histone H3 centromeric variant
CENP-A, also provokes the redistribution of
coilin to centromeres. This change in the coilin
pattern anticipates a role of non-CB-associated
coilin in a process triggered by aberrant
changes in the chromatin structure, even if this
chromatin is centromeric.

UV-C (254 nm) irradiation at doses
between 10 and 30 J/m’ induces the rapid
fragmentation of CBs, which is visualized by
the distribution of coilin in microfoci
throughout the nucleoplasm (13 ,16) and our



unpublished data). Contrary to a widespread
idea, UV-C is poor at inducing oxygen species
or generating DNA double-stranded breaks
(DSBs), and direct UV-C DNA breakage has
never been detected in mammalian cells (17).
The vast majority of the damage induced by
UV-C irradiation are helix-distorting DNA
lesions, including cyclobutane pyrimidine
dimers (CPDs) and pyrimidine (6-4)
pyrimidone adducts (6,4-PP) (18). These
lesions are known to profoundly modify
chromatin structure and are repaired following
an “access—repair-restore” (ARR) model,
implicating the nucleotide excision repair
(NER) mechanism (19,20). In the ARR model,
disruption of the chromatin is required before
the repair and restoration of the initial
structure. However, this process is more or
less efficient depending on the number of
lesions. Indeed, at doses between 10 and 20
J/m®, only about 0.1% of the induced
photoproducts are estimated to be repaired at
any one time (17). Therefore, if not processed
in time, any step of the repair mechanism can
activate a signalling pathway leading to
apoptosis.

Apoptosis is an extremely complex
process  involving  multiple  signalling
pathways, some of them probably as yet
undiscovered. The two main pathways are
driven by plasma membrane receptors (the
extrinsic or receptor pathway) and by the
mitochondria (the intrinsic or mitochondrial
pathway) (21). The purpose of either pathway
is to activate Cys-dependent Asp-specific
proteases, called caspases, in a two-step
process, some which are initiators, such as
caspases 9 and 8, and others being
executioners (effectors) such as caspases 3 and
7. All caspases are present in the cell in a
latent form (a zymogen), and the process
activates the latent caspases in a sequential
cascade that usually ends in the activation of
effector caspases and death of the cell. The
intrinsic pathway is under the control of the
BCL-2 family of proteins, some of them
having anti- and others pro-apoptotic
activities. Their activities are intimately linked
to one another in a network of signalling cross
talk to either prevent or promote the
oligomerization of two mitochondrial proteins,
Bax and Bak, depending on the anti- or pro-
apoptotic  signal, respectively (22). This
oligomerization is the process that triggers the
release of another mitochondrial protein,

cytochrome c¢, in the cytosol, leading to the
activation of caspase-9 and subsequently of
effector caspases.

We thus decided to test if coilin could
contribute to such a signalling pathway
following UV-C irradiation. We found that the
lack of coilin prevented the mitochondrial
pathway of apoptosis in transient knockdown
cells irradiated with UV-C. As a result, those
cells showed a deficit in cytochrome ¢ release
from the mitochondria that matched the lack of
pro-apoptotic protein Bax oligomerization in
cells depleted of coilin. This effect was not
cell-dependent, although the threshold of
coilin contribution in the apoptotic pathway
triggered by UV-C varies depending on cell

type.
Experimental Procedures

Cell lines, Uv-Cc irradiation,
Immunofluorescence, and Western blotting-
HeLa and U20S, HCT116, Saos-2 cell lines
were cultivated in BHK-21, DMEM, and
McCoy’s 5A medium, respectively, which
were supplemented with 10% fetal bovine
serum, L-glutamine (1% v/v), 10 U/mL
penicillin, and 100 ug/mL streptomycin. Cells
were irradiated with UV-C (254nm) using a
BIO-LINK® (BLX) Crosslinker.
Immunofluorescence  was  performed as
described previously (14). All the samples
were examined under a meta-confocal
microscope (LSM 510; Carl Zeiss, Wetzlar,
Germany) at a resolution of 512 x 512 pixels
using optical slices of 0.8—1.0 um thickness.
The microscope used was a Zeiss Axiovert
200M at either 63x (NA 1.25) or 100x (NA
1.3) magnification under oil-immersion
objectives. Data sets were processed with
LSM 510 software and then exported in
preparation for printing using Photoshop
(Adobe Systems, San Jose, CA). For Western
blotting (WB), 15-ug aliquots of total protein
(5 pg for PARP-1 detection) were loaded per
well in a SDS-polyacrylamide gel before
electrophoresis, transfer, and detection.

SiRNA transfections- Cells were seeded at very
low confluency before siRNAs transfections.
Two rounds of siRNAs transfections
(Effectene Transfection Reagent; Qiagen,
Hilden, Germany) were performed at 48-h
intervals with the amount of siRNAs adjusted



to the number of cells following the
manufacturer’s protocol. Cells were then
treated depending on the subsequent
experiment to be performed. The siRNA
sequences used were control siRNA 5’-
UACAGCUCUCUCUCGACCC-37; coilin
siRNA-1 5’-CGACUGCCUCAGAGUUAAA-
3% coilin siRNA-2 5’-
CCAACUGAGUUAUCAAAGG-3’;  coilin
siRNA-3 5’-CCAGAGGCAACAGCAAUUA-

3% fibrillarin siRNA-1 5’-
UGAGGGUGUCUUCAUUUGU-3’;

fibrillarin siRNA-2 5’-
GGACCAACAUCAUUCCUGU-37;

fibrillarin siRNA-3 5’-
GGAGCAGUUGACCCUUGAG-3’; SMN
siRNA-1 5’-

GCAUGCUCUAAAGAAUGGU-3’; SMN
siRNA-2 5~ AGACGGUUGCAUUUACCCA-
3% p33 siRNA-1 5'-
CAGUCUACCUCCCGCCAUA-3' p53
siRNA-2 5'-GAAGAAACCACUGGAUGGA-
3.

Cell fractionation- The method used to
fractionate cells for the measurements of
cytochrome c¢ release from mitochondria and
Bax oligomerization was based on Bossy-
Wetzel et al. (23) with some modifications.
Two to five million cells were harvested and
washed twice in ice-cold phosphate-buffered
saline (PBS; pH 7.4). The cells were then spun
at 200 x g for 5 min. The cell pellet was
resuspended in 600 pL of extraction buffer
containing 220 mM mannitol, 250 mM
sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM
KCl, 5 mM EGTA, 2 mM MgCl,, 1 mM

dithiothreitol, = and  protease  inhibitors
(complete  cocktail ~ from  Boehringer
Mannheim/Roche = Diagnostics, = Meylan,

France). After 30-min incubation on ice, cells
were homogenized with a glass Dounce
homogenizer and a B pestle (80 strokes) and
spun for 15 min at 14,000 x g. Pellets were
directly resuspended in a sodium dodecyl
sulfate (SDS) Laemmli sample buffer and the
supernatants then diluted 1:1 in 2x SDS
Laemmli sample buffer before being boiled for
5 min. Analysis was performed in SDS-16.5%
polyacrylamide gels. Gels were then processed
for immunoblotting as described above.

Sizing chromatography- SiRNAs transfected
HeLa cells were washed in PBS, harvested,

and lysed in 20 mM Tris (pH 7.4), 20 mM
NaCl, 5 mM MgCl,, 0.1% Triton X-100, and
0.1 mM EDTA. Cell lysates were spin at
10,000 x g for 10 min, and the supernatant was
loaded on a Sepharose CL-6B column (Sigma,
St. Louis, MO). Fractions were analyzed by
SDS-PAGE and immunoblotted. Molecular-
mass markers used to calibrate the gel-
filtration column included carbonic anhydrase
(29 kDa), albumin (66 kDa), p-amylase (200
kDa), apoferritin (440 kDa), thyroglobulin
(669 kDa), and Dextran Blue (>2000 kDa).

Measurement of annexin V binding and
caspase activity- SIRNA-transfected cells were
split and harvested by treatment with accutase
(PAA Laboratories, Linz, Austria) and then
washed twice with PBS and counted. Labeling
of phosphatidylserine on the outer leaflet of
the cell membrane following apoptotic stimuli
was performed using the annexin V-FITC kit
(AbCys, Paris, France) according to the
manufacturer’s protocol. FITC labeling of
cells was analyzed by flow cytometry.
Counterstaining by propidium iodide allowed
the discrimination of apoptotic cells.

Caspases 3, 7, and 9 activities were
measured with Caspase-Glo 3/7 or 9 assays
(Promega, Madison, WI) according to the
manufacturer’s protocol. Twenty thousand
cells per sample were used to determine
caspase activity by luminometry using a Victor
Wallach luminometer (EG&G Instruments,
Evry, France).

Antibodies- The following antibodies were
used at the indicated dilutions for the IF or
WB  experiments: mouse  monoclonal
antibodies (mAbs) anti-Bad (C-7) (1:200 for
WB; Santa Cruz Biotechnology, Santa Cruz,
CA); anti-Bax (1 pg/mL for WB; Millipore,
Billerica, MA); anti-Bcl-2 (C-2) (1:200 for
WB; Santa Cruz Biotechnology); anti-Bcl-x;,
(H-5) (1:200 for WB; Santa Cruz
Biotechnology); anti-caspase-3 (31A1067)
(1:500 for WB; Alexis, Farmingdale, NY);
anti-caspase-7 (1:500 for WB; Stressgen,
Victoria, BC, Canada); anti-coilin (1:500 for
IF; 1 ug/mL for WB; Sigma); anti-cytochrome
c [7TH8.2C12] (denatured) (1 pug/mL for WB;
Alexis), and [6H2.B4] (native) (1:500 for IF;
Alexis); anti-cytochrome oxidase (COX)
subunit II [12C4] (1 pg/mL for WB;
Molecular Probes, Eugene, OR), anti-
fibrillarin [38F3] (1:500 for WB; Abcam,



Cambridge, UK) and [72B9] (1:500 for IF);
anti-Mcl-1 (22) (1:200 for WB; Santa Cruz
Biotechnology); anti-SMN (1 ug/mL for WB;
BD Biosciences, San Jose, CA): rabbit mAb:
anti-Bak [Y164] (1 pg/ml for WB; Abcam):
rabbit polyclonal antibodies: anti-actin (1
pg/mL for WB; Sigma); anti-Bim (H-191)
(1:200 for WB; Santa Cruz Biotechnology);
anti-caspase-8 (12F5) (1:500 for WB; Alexis);
anti-caspase-9 (1:500 for WB; Alexis); anti-
y H2AX (phospho-S139 at 1:500 for IF;
Abcam); anti-PARP-1 (H-250) (1:500 for WB;
Santa Cruz Biotechnology): goat polyclonal
antibody: anti-Bcl-w (C-20) (1:200 for WB;
Santa Cruz Biotechnology); anti-BID (C-20)
(1:200 for WB; Santa Cruz Biotechnology).
For IFs, the secondary antibodies used were:
goat anti-rabbit and anti-mouse, coupled to
Alexa Fluor 488, 555 (1:200; Molecular
Probes).

RESULTS

Depletion of coilin prevents chromatin
condensation after UV-C- To test coilin’s
involvement in cell survival after UV-C stress,
HeLa cells were depleted of coilin using
specific siRNAs before irradiation by UV-C
and subsequent immunofluorescence analysis.
We tested a range of UV-C doses from 5 to 20
J/m® to ascertain the optimal UV-C dose
giving the best ratio of condensed chromatin 4
h post- UV-C between controls (siCtl) and
coilin (siCo)-transfected cells (Table 1). At the
chosen dose of 10 J/m?, UV-C cells started to
show condensation of chromatin stained by
diamidino-4',6-phenylindol-2  dichlorhydrate
(DAPI), a sign of late apoptosis, about 3—4 h
postirradiation. To control for irradiation, we
stained the cells with an antibody detecting the
phosphorylation of H2A.X (S139), which
increases following UV-C irradiation (17). We
noticed that the percentage of cells showing
condensed chromatin was much higher in
controls versus coilin-depleted cells as a
function of time (Figure 1A). The small
amount of coilin knockdown cells showing
chromatin condensation suggested a defect in
apoptosis in these cells. To confirm that cells
were indeed undergoing apoptosis, we
performed flow cytometry (FACS) to detect
phosphatidylserine (PS, labeled by annexin V)
on the outer leaflet of the cell membrane of
coilin-depleted cells after UV-C irradiation
(Figure 1B, Q4 areas in the FACS data,

reported on the graph). In accordance with the
previous results, coilin depletion resulted in a
significant decrease in PS exposure compared
to control cells. The ratios for annexin V
values between coilin-depleted versus control
cells in several independent experiments were
significantly different (»p < 0.001 at T4 and
T6), reaching about 30% less annexin V
labeling.

Depletion of coilin prevents activation of
effector caspases after UV-C- Given the
implication of fibrillarin and SMN working
together with coilin in recognizing aberrant
centromeric  chromatin, we  performed
additional experiments with cells depleted of
either fibrillarin or SMN. Unlike SMN,
fibrillarin depletion resulted in even less
annexin V labeling compared to coilin 4 h
post-UV-C (Figure 2A, FACS data reported on
the graph). Once again, the ratios of annexin V
between coilin- or fibrillarin-depleted versus
control cells in several independent
experiments were significantly different (p <
0.001). These results suggest that the absence
of coilin or fibrillarin, but not SMN, could
affect the susceptibility of cells to apoptosis
induced by UV-C irradiation.

To avoid any misinterpretation due to
side effects of the siRNAs, we performed the
same experiments with two or three different
siRNAs that targeted different regions of the
mRNAs (see Supplementary Figure S1). We
obtained similar results as long as the siRNA
significantly reduced the amount of the target
protein. Then to establish a definite conclusion
about an apoptotic process, UV-C-treated cells
depleted in each of the three proteins were
analyzed by Western blotting for caspase
activation and PARP-1 inactivation (Figure
2B). As expected, after UV-C stress, coilin and
fibrillarin, but not SMN-depleted cells,
showed a clear reduction in the activation of
procaspase-3 (visualized by the appearance of
pl17 and p12 active subunits) and procaspase-7
(visualized by the appearance of p32 and pl9
active subunits) and in the inactivation of
PARP-1 (visualized by the appearance of the
p85 inactive product). Unlike caspases 3 and
7, procaspase-9 activation (visualized by the
appearance of the p37/35 active products)
seemed unaffected by the depletion of coilin or
fibrillarin.

As expected, UV-C irradiation did not
activate  caspase-8 (visualized by the
appearance of the p18 active subunit), which is



predominantly activated by the receptor
apoptotic pathway. Caspase activity in the
absence of coilin, fibrillarin, or SMN was then
quantified by caspase activation assays, which
confirmed the decrease of caspases 3 and 7,
but not caspase-9 activities in the absence of
coilin (p < 0.001) and fibrillarin (p < 0.001)
(Figure 2C). In HeLa cells, p53 is inactivated
as a result of its proteasomal degradation
induced by human papilloma virus E6
proteins. We wanted to confirm our results by
generating a p53-negative context in otherwise
pS53-positive cells. U20S cells were then
depleted of p53 by siRNAs in addition to
coilin, fibrillarin, or SMN before irradiation
with UV-C. In the presence of p53, caspases 3
and 7 were not differentially activated
following depletion of coilin or fibrillarin at
the time we harvested the cells. Additional p53
depletion mimicked the results obtained in
HeLa cells (Figure 2D). Depletion of coilin in
two isogenic HCT116 (HCT116 p53+/+ and
p53 -/-) cell lines differing by the knockout of
the p53 gene, and in the Saos-2 (a p53-
mutated) cell line, gave similar results even if
p53 is active (Figure S2). Altogether, these
results suggest that coilin and fibrillarin are
likely implicated in the control of apoptosis
following UV-C irradiation. If for fibrillarin—
an essential component of the nucleolus—one
can assume that its depletion might affect
some essential apoptosis-induced signals
associated with this nuclear domain, the defect
in apoptosis in cells depleted of coilin has no
obvious explanation.

Depletion of coilin prevents the intrinsic
(mitochondrial) pathway of apoptosis- We
next investigated which apoptotic pathway, the
intrinsic (mitochondrial) or extrinsic (receptor)
pathway, was affected by the depletion of
coilin and fibrillarin. We also verified that the
effects previously described were not UV-C-
dose-dependent, and finally we used another
apoptotic inducer, etoposide, to analyze
whether the participation of coilin and
fibrillarin in the control of apoptosis was
restricted to UV-C damage. Annexin V
labeling combined with Western blotting data
(Figure 3A and B) showed that whatever the
dose of UV-C, depletion of coilin and
fibrillarin significantly reduced the apoptotic
process. This was also the case following
etoposide treatment, although this way of
inducing apoptosis seems to confer a role on

SMN that it does not have following UV-C-
induced apoptosis.

Activation of the extrinsic apoptotic
pathway by the TRAIL ligand, which activates
apoptosis in tumor cells by binding to the TNF
death-signalling receptors, was not
significantly affected by the depletion of either
protein. This was visible in the annexin V and
especially in the Western blotting experiments.
Indeed, activation of procaspase-8 (visualized
by the appearance of the pl8 active subunit)
was clearly not affected by the depletion of
any of the three proteins. Once again, data on
procaspase-9 confirmed that its activation was
independent of the presence of coilin and
fibrillarin. These data demonstrate that coilin
(and to some extent, probably also fibrillarin)
is implicated in the mitochondrial pathway of
apoptosis, probably through the control of a
signalling pathway not uniquely restricted to
UV-C stress.

Cytochrome c release from the mitochondria is
prevented following UV-C stress in the
absence of coilin- The defect in apoptosis in
cells depleted of coilin and fibrillarin is
noticeable by the lack of activation of
procaspases 3 and 7. In the intrinsic pathway,
the optimal activation of procaspases 3 and 7
requires, in addition to the activation of the
procaspase-9, the activation of a catalytic
platform made of a multiprotein complex
involving cytochrome ¢, the Apaf-1 protein,
and ATP, which is known as the apoptosome
(24). We thus hypothesized that the lack of
activation of procaspases 3 and 7 could result
from a defect in apoptosome activity due to the
absence of one of its major components.
Because cytochrome ¢ needs to be released out
of the mitochondria to activate the
apoptosome, we checked by
immunofluorescence the translocation of
cytochrome ¢ in the cytoplasm in cells
depleted of coilin or fibrillarin before or after
UV-C (Figure 4A). Clearly, the depletion of
either protein prevented the mitochondrial
release of cytochrome c¢ in stressed cells,
which is normally marked by the increase of
the cytochrome ¢ signal in the nuclei. To show
that this was indeed the case, we performed
the same treatments, but this time analyzed
cytochrome c¢ release by cell fractionation to
specifically detect cytochrome ¢ in the
cytoplasm  (i.e., supernatants)  versus
mitochondria (i.e., pellets) (Figure 4B).
Following UV-C irradiation, control cells



rapidly showed an increase in cytoplasmic
cytochrome ¢ that reached a plateau around 3—
4 h post-UV-C. The depletion of coilin almost
completely  abolished the release of
cytochrome ¢ in the cytoplasm, whereas
depletion of fibrillarin showed from the start a
higher amount of cytochrome c¢ in the
cytoplasm, but with no increase with time
postirradiation. These data suggest that the
absence of coilin, and to a lesser extent
fibrillarin, prevents the release of cytochrome
¢ out of the mitochondria after UV-C.

Coilin depletion prevents Bax oligomerization
after UV-C stress- The release of cytochrome
¢ out of the mitochondria is directly dependent
on the interplay between a set of proteins from
the B-cell lymphoma protein-2 (BCL-2)
family that act as death agonists (pro-
apoptotic) or antagonists (anti-apoptotic) (25).
Therefore, we wanted to be sure that the
depletion of coilin would not specifically
affect the level of several proteins implicated
in apoptotic signalling before or after UV-C.
None of the proteins we tested showed
significant modification in amount, including
the Bax and Bak effector proteins (Figure 5A).
Such data make unlikely any effect of the
depletion of coilin on a modification of the
balance between pro- and anti-apoptotic
proteins that would affect the apoptotic
process. Among the BCL2-family of proteins,
Bax and Bak are both necessary and sufficient
for the permeabilization of the outer
mitochondrial membrane (MOMP) and the
translocation of cytochrome ¢ into the
cytoplasm (26). Bax is a monomer under non-
apoptotic  conditions, which oligomerizes
following apoptotic stimuli. We thus studied
whether the depletion of coilin could affect the
oligomerization of Bax after UV-C stress.
Cells not transfected or transfected with a
control siRNA displayed a clear increase in
Bax oligomerization after treatment with UV-
C or staurosporin (0.2 uM), another apoptotic
inducer. In the absence of coilin, Bax
oligomerization greatly decreased following
UV-C. Overall, these results demonstrate that
the absence of coilin has a major impact on the
oligomerization of Bax following UV-C stress,
which consequently results in a defect of
cytochrome c release out of the mitochondria,
thus preventing the apoptotic process.

DISCUSSION

Our recent discovery of the interphase
centromere damage response (iCDR) triggered
after centromeric chromatin destabilization
and involving three proteins of the Cajal/gem
bodies, strongly suggest the existence of
biological activities of coilin, fibrillarin, and
SMN out of the context of the nuclear domains
in which they are concentrated (14). To that
extent, a very recent study described the
presence of coilin at the metaphase plate of D.
melanogaster ovarian follicle and larval
neuroblasts (6). We thus hypothesized that
these proteins contribute to a signalling
pathway that might be related to the repair of
the centromeric structure. Considering the
repair of a chromatinized nuclear structure, we
must take into account the possibility of an
inefficient repair mechanism either due to the
absence of an essential component or to the
accumulation of damage that could overwhelm
the repair process. Both have different
implications for the fate of the cell. The first
process would lead to unrepaired problems
whose  accumulations are  potentially
genetically deleterious for the cells. This will
at best induce cell death, and at worst it could
be a pre-step toward genetic instability and
tumorigenesis. The consequences of the
second scenario are generally the triggering of
programmed cell death. We then wanted to
study the putative implication of the proteins
of the iCDR in a signalling pathway that could
lead to cell death, starting with coilin.

For reasons inherent to the activity of the
viral protein ICPO that we used to first
describe the iCDR, we were unable to design
an easy experimental procedure to analyze a
putative signalling activity of the iCDR.
Indeed, ICPO has E3 ubiquitin ligase activity
and contributes to the induced degradation of
any cellular protein present in the
neighborhood of the viral protein. To that
extent, ICPO induces the proteasomal
degradation of all the centromeric proteins we
have tested so far (27,28, 2007 #327); and our
unpublished data). Should any signal coming
from the interaction of the iCDR proteins with
a damaged centromere, if this signal depends
on proteins closely associated with centromere
structure, it is likely that it might have been
sent for degradation due to the previous
presence of ICPO at the centromeres. Hence,



the sole expression of ICPO is not known to
trigger massive apoptosis.

The iCDR has been found to target
interphase centromeres, but the centromere is
nothing more than a very complex chromatin
structure. Therefore, we cannot exclude the
possibility that this response might only
represent one aspect of a broader cellular
response that would signal any unexpected
modification of the chromatin, whether this
chromatin is heterochromatic (associated with
centromeres/pericentromeres) or euchromatic.
If so, we can anticipate the involvement of the
three proteins in any signalling pathway
associated with aberrant and sudden
modifications of the chromatin structure. We
then thought that one good way (among many
others) to abruptly and profoundly challenge
the chromatin was to irradiate the cells with
UV-C light. Indeed, UV-C mainly provokes
base modifications that induce helix-distorting
DNA lesions. These lesions not only change
the structure of the DNA backbone, but also
greatly modify the shape of the chromatin
associated with the affected region (18,29).
We thus decided to use this type of irradiation
to create conditions that might partly mimic
the chromatin destabilization that we induced
with ICPO at the centromeres to analyze
whether coilin plays a role in the apoptosis
signalling pathway induced by UV-C stress. In
addition, coilin has been shown to be very
reactive to UV-C irradiation, leaving the CBs
to adopt a nucleoplasmic multi-spot pattern
(13 ,16) and our unpublished data).

Our data clearly show that the absence
of coilin significantly affects the progression
of cells toward apoptosis. Depletion of
fibrillarin has the same effect, whereas SMN
does not seem to play a major role. Fibrillarin
is also a major component of the nucleoli, we
thus cannot rule out an indirect effect of the
absence of fibrillarin on a signalling apoptotic
pathway that would require stable nucleoli.
Indeed, given the presence of proteins
implicated in the apoptotic process such as the
tumor suppressor p14**" within the nucleolus,
one might anticipate that the disruption of the
whole nucleolus will affect the behaviour of
the cell toward stress-induced apoptosis
(30,31). To that extent, we observed a similar
defect of UV-C-induced apoptosis in Hela
cells depleted of nucleolin, another essential
component of nucleoli (data not shown).
Depletion of SMN never matched the effects

observed in coilin or fibrillarin knockdown
cells. This was not surprising because SMN is
known to have anti-apoptotic properties
(32,33), and depletion of SMN on its own
seems, with time, renders cells more prone to
apoptosis (34). Therefore, we would expect
depletion of SMN to favour the apoptotic
process after a stress even more than
preventing it. However, the data obtained with
etoposide induction of apoptosis showed that
SMN might still have a positive role in that
signalling pathway.

CBs are essentially  factories
concentrating many types of nuclear
noncoding RNAs under the form of
ribonucleoproteins, and which among other
activities, are involved in pre-mRNA and pre-
rRNA maturation (35). Therefore, one might
think that because of its structural role in the
maintenance of CBs, the depletion of coilin
could prevent transcription of essential genes
encoding pro-apoptotic proteins due to a defect
in  spliccosomal U  small nuclear
ribonucleoproteins (snRNPs), which would
indirectly affect the pre-mRNA splicing
process. This is unlikely for several reasons.

First, we did not observe any changes
in the amount of tested pro- and anti-apoptotic
proteins in the absence of coilin before or after
the UV-C stress. Second, unlike coilin, SMN
is essential for the cytoplasmic maturation of
the snRNPs involved in pre-mRNA maturation
(36). Therefore, the depletion of SMN should
prevent apoptosis even better than the absence
of coilin, and this is clearly not the case. Third,
the depletion of coilin by RNAi does not affect
the splicing of endogenous transcripts,
although it can alter the splicing of an artificial
reporter construct (37). Fourth, snRNPs are
highly stable and abundant in cells. The RNAi
depletion of proteins directly implicated in
their metabolism, such as hTGS and SMN, as
well as coilin, does not dramatically affect
snRNPs biogenesis (34). Fifth, the function of
small Cajal body specific RNAs (scaRNAs),
implicated in the maturation of both rRNAs
and snRNAs, is not affected in the absence of
functional coilin at least in Drosophila (38).
And finally, although mouse embryonic
fibroblasts (MEFs) isolated from coilin
knockout mice grow more slowly than their
normal counterparts, they are still viable.
Splicing and transcription processes, if
affected, do not seem to perturb the
homeostasis of unstressed cells (7).



Although coilin-depleted HeLa cells
have been shown to grow slightly more slowly
than control cells, they are still viable, and
above all are not affected in their cell cycle as
observed by FACS analysis (34) and our data
not shown). Therefore, any indirect effect of
the cell cycle on the apoptotic pathway in the
absence of coilin is not plausible. All these
data rule out an indirect effect of the absence
of coilin on the apoptotic process by either a
CB-associated signalling pathway or a
mechanism that would depend on the cell
cycle. They rather support the idea of a CB-
independent role of coilin in a signalling
pathway implicated in cell death.

Our results clearly showed that the
depletion of coilin prevents the UV-C-induced
intrinsic pathway of apoptosis. This was
shown by the lack of cytochrome c¢ release
from the mitochondria when coilin was absent.
As expected, this break in the apoptotic
process was due to the absence of at least Bax
(and probably Bak) oligomerization. This lack
of apoptosis in the absence of coilin and
following UV-C was visualized by different
apoptosis markers such as caspases 3 and 7
activation, plasma membrane
phosphatidylserine signals, and chromatin
condensation. Nevertheless, our data showed
that caspase-9 activation was not affected after
UV-C stress even in the absence of coilin. This
was unexpected because caspase-9 is normally
activated within a cytosolic signalling platform
called the apoptosome (24). The apoptosome
is not functional without cytochrome c.
Therefore, how do we explain the activation of
caspase-9 in the coilin-depleted cells after UV-
C stress in the absence of cytosolic
cytochrome ¢? One possible explanation could
lie in the fact that in certain situations,
caspase-9 can be activated solely by its
dimerization (39,40). To that extent, it is
noteworthy that the level of procaspase-9 in
coilin-depleted cells was consistently higher
than in control siRNA-transfected cells, and
also greater before than after the stress. Could
that account for an apoptosome-independent

caspase-9 activation? Additional and specific
experimental procedures are required to
answer these questions.

Many stimuli activate the intrinsic
pathway of apoptosis. Most of them in one
way or another affect the chromatin structure
by inducing DNA damage that is under the
tight control of DNA repair mechanisms.
Probably central to the repair process is the
ataxia telangiectasia-mutated/ataxia
telangiectasia-related (ATM/ATR) signalling
pathway at the crossroads between two main
DNA repair mechanisms: base excision repair
(BER) and nucleotide excision repair (NER)
(41). The ATM/ATR pathway greatly
influences the repair versus death process
partly through the induced phosphorylation of
pS3.

Among other things, in mammalian
cells, UV-C activates ataxia telangiectasia-
related (ATR) kinase to induce the
phosphorylation of proteins such as the S139
residue of H2A.X (yH2A.X) and p53 (42,43).
However, one hallmark of UV-C-induced
apoptosis is that it does not require a
functional p53, as shown in a recent study on
the p53-independent contribution of histone
acetyltransferase Tip60 in the apoptotic
process (44). That p53-negative cells are able
to undergo apoptosis following all sorts of
stresses such as drugs, ionizing radiation, or
UV light is well-known. The p14**" and Tip60
proteins are probably among those controlling
the p53-independent apoptotic process (30,45).
Our data suggest that coilin is also implicated
to a certain extent in such a process, and
support the idea that parallel, more or less
important signalling pathways depending on
stress and cell types, do exist in the cell. These
extra pathways could supply the main
apoptotic pathway with additional signals to
fine-tune the apoptotic process, adding
multiple quality-control steps, each of which,
if not satisfied provides signals that at the end
will push the cell toward its fatal destiny.
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FIGURE LEGENDS

Fig. 1. Coilin depletion reduces the susceptibility of HeLa cells to UV-C-induced apoptosis.

HelLa cells were double-transfected with control siRNA (siCtrl) or siRNA against coilin (siCo) for 96
h, then irradiated with UV-C at 10 J/m* and harvested from O to 4 h post-UV-C to perform either
immunofluorescence (A) or FACS analysis (B). (A) The efficiency of irradiation was controlled via
staining of the phosphorylation of H2A.X on S139 (yH2A X, red). The efficiency of the siRNAs was
checked by coilin staining (green). DNA condensation was visualized by DAPI staining of the
chromatin. The percentage of nuclei with condensed chromatin was determined by counting nuclei
from three independent experiments (about 200 nuclei per experiment). The values are the means of
three experiments. (B) Live cells were harvested and stained with annexin V—FITC and propidium
iodide (PI) before proceeding to the FACS analysis. The left panel shows a representation of the cell
distribution for one experiment depending on their staining status. Q4 represents cells positive only
for annexin V. The right panel shows the graphic representation of the Q4 mean + SD values for at
least three independent experiments. The individual and mean ratios of siCo vs. siCtrl annexin V-
positive cells are presented in the table for the different experiments. The significance of the results
was calculated with the paired Student’s #-test with respect to siCtrl samples. * p < 0.05; ** p < 0.01;
% p <0.001.

Fig. 2. Coilin and fibrillarin depletion prevents effector caspase activation following UV-C stress.
HeLa cells were double-transfected with control siRNA (siCtrl) or siRNA against coilin (siCo),
fibrillarin (siFib), or SMN (siSMN) for 96 h and then irradiated with UV-C at 10 J/m? and harvested 4
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h post-UV-C to perform FACS analysis (A) and Western blotting (B). (A) Live cells were harvested
and stained with annexin V-FITC and propidium iodide (PI) before proceeding to FACS analysis.
The left panel shows a representation of the cell distribution for one experiment depending on their
staining status. Q4 represents cells positive only for annexin V. The right panel shows the graph
representation of the Q4 mean + SD values for at least three independent experiments. The individual
and mean ratios of siCo, siFib, or siSMN vs. siCtrl annexin V-positive cells are presented in the table
for the different experiments. (B) Fifteen micrograms (5 pg for PARP-1) of total cell extract proteins
were loaded for migration in gradient acrylamide pre-cast gels before transfer onto a nylon membrane
and blotting for detection of PARP-1 and caspases 3, 7, 8, and 9. The efficiency of the siRNA
treatments was first assessed for coilin, fibrillarin, and SMN depletion. Detection of actin was used as
a loading control. The control lane represents untreated total cell extracts. (C) HeLa or (D) U20S
cells were double-transfected with the corresponding siRNAs for 96 h and then irradiated with UV-C
at 5-10 J/m* and harvested 2 h post-UV-C to perform assays on the activities of caspases 3, 7, and 9.
The significance of the results was calculated with the paired Student’s #-test with respect to siCtrl
samples. * p < 0.05; ** p <0.01; *** p <0.001.

Fig. 3. The intrinsic pathway of apoptosis is defective in the absence of coilin. HeLa cells were
double-transfected with control siRNA (siCtrl) or siRNA against coilin (siCo), fibrillarin (siFib), or
SMN (siSMN) for 96 h and then irradiated with various doses of UV-C (10, 25, 50 J/m?), or treated
with etoposide (250 pM) or the TRAIL ligand (0.5 ng/mL) and harvested 4 h post-UV-C, 6 h post-
etoposide, or 3 h post-TRAIL ligand to perform FACS analysis (A) and Western blotting (B). (A)
Data represent the percentage of cells positive for annexin V staining (+SD) following the different
treatments based on three independent experiments. (B) Fifteen micrograms (5 ug for PARP-1) of
total cell extract proteins were loaded for migration in gradient acrylamide pre-cast gels before
transfer onto a nylon membrane and blotting for detection of PARP-1 and caspases 3,7, 8, and 9. The
efficiency of the siRNA treatments was assessed for coilin, fibrillarin, and SMN depletion. Detection
of actin was used as a loading control. The control lane represents untreated total cell extracts. The
significance of the results was calculated with the paired Student’s ¢-test with respect to siCtrl
samples. * p < 0.05; ** p < 0.01; *** p <0.001.

Fig. 4. Coilin depletion prevents the release of cytochrome ¢ out of the mitochondria following UV-C
stress. HeLa cells were double-transfected with control siRNA (siCtrl) or siRNA against coilin (siCo)
or fibrillarin (siFib) for 96 h and then irradiated with UV-C at 10 J/m’® and harvested to perform
immunofluorescence (A) and Western blotting (B) to detect cytochrome c. (A) Cells were harvested 4
h post-UV-C and the efficiency of the siRNAs against coilin and fibrillarin was determined for each
sample to confirm the disappearance of each protein signal below the detection threshold in >99% of
the nuclei. Then the staining of cytochrome ¢ was performed on samples treated (UV) or not (No UV)
by UV-C. (B) Cells were harvested between 0 and 4 h post-UV-C, and processed for soluble cytosolic
(supernatant) and insoluble (pellets) fraction extractions (see Materials and methods). Then 15 ug of
proteins were loaded for migration in gradient acrylamide pre-cast gels before transfer on a nylon
membrane and blotting for detection of cytochrome ¢ (Cytoch C) and cytochrome oxidase subunit II
(COX). The efficiency of the siRNAs against coilin and fibrillarin was also verified using the pellet
samples. Detection of actin was used as a loading control. Control represents whole-cell extracts.

Fig. 5. The lack of coilin affects the oligomerization of Bax following UV-C stress. HeLa cells were
not transfected (Control), or double-transfected with control siRNA (siCtrl) or siRNA against coilin
(siCo) for 96 h and then treated and harvested to perform Western blotting. (A) Cells were irradiated
with UV-C at 10 J/m? (UV) or not (No UV) before the detection of pro- or anti-apoptotic proteins.
Fifteen micrograms of total cell extract proteins were loaded for migration in gradient acrylamide pre-
cast gels before transfer onto a nylon membrane and blotting. (B) Cells were not stressed, UV-C
irradiated for 4 h (UV), or treated with staurosporine (STS) for 2 h (positive control) before being
processed for gel chromatography filtration. Western blotting was then performed to detect Bax
monomers and oligomers. The efficiency of the siRNAs against coilin was verified. Detection of actin
was used as a loading control.
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Fig. S1. Test of the efficiency of several siRNAs against coilin, fibrillarin, or SMN and their capacity
to affect UV-C-induced apoptosis. HeLa cells were double-transfected with control siRNA (siCtrl) or
several siRNAs against coilin (siCo #1, #2, #3), fibrillarin (siFib #1, #2, #3) or SMN (siSMN #1, #2)
for 96 h before other treatments. (A) Cells were harvested to perform Western blotting to determine
the efficiency of the different siRNAs on protein level. Fifteen micrograms of total cell extract
proteins were loaded for migration in gradient acrylamide pre-cast gels before transfer onto a nylon
membrane and blotting for detection of coilin, fibrillarin, or SMN. Detection of actin was used as a
loading control. (B) SiRNA-treated cells were irradiated with UV-C at 10 J/m* and harvested 4 h post-
UV-C. Live cells were stained with annexin V-FITC and propidium iodide (PI) before proceeding to
FACS analysis. Data represent the percentage of cells positive for annexin V staining. The star
indicates the siRNA chosen for the following experiments with respect to their efficiency for
depleting the corresponding protein beyond 80%-90% of the normal amount (as determined by
densitometry scanning), and to affect the entry into apoptosis following UV-C if relevant.

Fig. S2. Coilin depletion significantly reduces the activation of effector caspases 3 and 7 in p53+/+,
p53—/—, and p53 mutated cell lines. Human HCT116 #8 (p53+/+), HCT116 #2 (genetically p53—/-),
and Saos-2 (p53 mutated) were double-transfected with control siRNA (siCtrl) or siRNA against
coilin (siCo) for 96 h and then not further treated (No UV) or irradiated (UV) with UV-C at 5 J/m?
(HCT116) or 2.5 J/m’ (Saos-2) and harvested 4 h post-UV-C to perform assays for caspases 3 and 7
activity. Data represent the percentage of cells (+SD) positive for annexin V staining based on three
independent experiments. The significance of the results was calculated with the paired Student’s #-
test with respect to siCtrl samples. * p < 0.05; ** p < 0.01; *** p < 0.001. The efficiency of the
siRNA against coilin in each cell line was assessed by Western blotting (data not shown).
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Table 1

Table 1: Chromatin condensation after UV stress in coilin-depleted cells

Joule /m2 SiCtrl SiCo
5 44 % 9 %

7.5 50 % 13 %
10m > 80% 24 %

15 >80 % 36 %
17.5 >80 % 35 %

20 >80 % 34 %

(1) UV-C dose chosen for the study on HelLa cells

Percentage of nuclei with condensed chromatin
(4 hours post-UV)

Texier et al. Table 1
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